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Asparaginase (ASNase) is widely used to treat acute lymphoblastic
leukemia (ALL) in children but it causes metabolic complications related to
liver toxicity. ASNase depletes circulating asparagine and glutamine,
activating the homeostatic amino acid response (AAR) via phosphorylation
of eukaryotic initiation factor 2 (elF2) and resultant synthesis of activating
transcription factor 4 (ATF4). The elF2-ATF4 pathway is essential for cell
survival during amino acid starvation conditions. Activation of the AAR in
liver requires the elF2 kinase called general control nonderepressible 2
kinase (GCNZ2). This pathway is vital to prevent hepatic failure during
ASNase treatment. To what extent activation of the GCN2-elF2-AAR is
mediated by ATF4 is unknown. My dissertation objective is to assess the

role of ATF4 in directing the hepatic response to ASNase. The
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overarching hypothesis is that the AAR protects the liver during ASNase
treatment. My objective and hypothesis are addressed in three aims: (1)
Describe the liver response to ASNase in mice deleted for Atf4; (2)
Determine if Atf4 heterozygosity alters the liver response to ASNase; (3)
Examine the hepatic response to ASNase in mice with a liver-specific
deletion of Atf4. RNA sequencing alongside complementary biochemical
and histological approaches were performed in the livers of mice treated
with 8 daily injections of ASNase or saline excipient. Cellular pathways
examined in detail included the AAR, endoplasmic reticulum (ER) stress
response, and the mammalian target of rapamycin complex 1 (mMTORC1)
signaling pathway. In Aim 1, | discovered that global hepatic gene
expression patterns in Atf4 knockout mice overlapped with Gen2 knockout
mice. Shared hepatic pathways or processes altered during ASNase
included nuclear receptor activation, mTOR signaling, and xenobiotic
metabolism. On the other hand, loss of Atf4 during ASNase uniquely
altered gene expression signatures reflecting signaling via elF2 and ER
stress. Further exploration at the level of protein expression and activity in
liver revealed that during ASNase Gcn2 deletion stimulated mTORC1
activity whereas Atf4 deletion induced ER stress. In Aim 2, | found that
Atf4 heterozygosity compromised the hepatic AAR to ASNase, resulting in
greater DNA fragmentation and hepatotoxicity. In Aim 3, | discovered that
global hepatic gene expression patterns in nonstressed Atf4 knockout

mice reflected many of the same processes and pathways altered in
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nonstressed mice with a liver-specific deletion of Atf4. Furthermore, the
AAR and ER stress profiles in ASNase-treated mice with liver specific
deletion of Atf4 were similar in pattern and direction to whole body Atf4
deletion, supporting a role for hepatic ATF4 in directing the adaptive AAR
and preventing maladaptive ER stress to ASNase. This research provides
insight into the importance of genetic background of patients in choosing
ASNase as a treatment. These findings may be used to help predict which
patients diagnosed with ALL may be susceptible to adverse metabolic
events during ASNase. Alongside that, | established that global or partial

loss of ATF4 influences liver toxicity in ASNase-treated mice.
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common type of cancer in
children and adolescents, and it is a frequent cause of death in those under age
20. Asparaginase (ASNase) is a drug that is used to treat ALL (Pui et al., 2008;
Patil et al., 2010; Raetz and Salzer, 2010; Hill et al., 1967), and it is widely
recommended as it improves remission induction rate (Landau and Lamanna,
2006). Nevertheless, ASNase has many deleterious side effects such as
coagulopathy and thromboembolism (Wani et al., 2010; Pui and Evans, 2006;
Payne and Vora, 2007), neurological and cardiovascular complications (Kieslich
et al., 2003), hyperglycemia and pancreatitis (Knoderer et al., 2007; Spinola-
Castro et al, 2009). Liver failure is one of the main metabolic complications of
ASNase leading to treatment abandonment particularly in adolescents who suffer
greater complications (Appel et al., 2008). Importantly, the exact mechanisms
underlying ASNase-induced toxicity remain incompletely understood. Acquiring
an improved understanding of the mechanism of these toxicities may improve
treatment options.

ASNase works by depleting blood levels of the amino acids asparagine
and glutamine, causing amino acid deprivation. Our laboratory was the first to
demonstrate that ASNase reduces liver protein synthesis by increasing
phosphorylation of eukaryotic initiation translation factor 2 (elF2) (Reinert et al.,
2006) via the general control nonderepressible 2 kinase (GCNZ2) (Bunpo et al.,

2009). Phosphorylation of elF2 by GCN2 dampens global protein synthesis rates



while simultaneously promoting gene-specific translation of protein factors such
as activating transcription factor 4 (ATF4). Subsequent binding of ATF4 to
specific cis-elements called CARE (for CAAT enhancer binding protein-ATF
response element; also referred to as amino acid response elements or AARE) in
genes alters the transcriptome to promote survival and regain homeostasis. This
GCN2-elF2-ATF4-driven adaptive mechanism is described as the amino acid
response (AAR) (Kilberg et al., 2009). Our laboratory previously described how
GCN2 is necessary for hepatic adaptation to ASNase through activating the
GCN2-elF2-ATF4-AAR (Wilson et al., 2013; Wilson et al., 2015). In these
studies, the role of GCN2 in minimizing ASNase hepatotoxicity is revealed.
However, the downstream modulators are yet to be elucidated, in particular the
role of ATF4.

ATF4 is described in many research articles as a master regulator of
metabolism in response to many cellular stressors. It was found to play critical
role in amino acid deficiency as a member of the GCN2-elF2-ATF4 AAR pathway
(Kilberg et al., 2012). ATF4 also plays a fundamental role in oxidative, heat shock
and endoplasmic reticulum stress in response to activation of multiple elF2
kinases in a process known as integrated stress response (Harding et al., 2003).
ATF4 acts as a key point that help the cell to survive stress through activation of
survival pathways such as enhancing amino acids synthesis by providing amino
acids supply as a result of inducing amino acid synthetases (Gjymishka et al.,
2009) and transporters (Luo et al., 2013). ATF4 regulates lipid and glucose

metabolism due to its ability to activate fibroblast growth factor 21 (Seo et al.,



2009), a hormone that is known to have a main role in lipid and glucose
metabolism. ATF4 also induces autophagy and antioxidants in response to ER
stress and/or oxidative stress (Rzymski et al., 2010; Malhi and Kaufman, 2011).
However, it directs the cell towards apoptosis through activation of cell cycle
arrest and preapoptotic proteins such as C/EBP homologous protein (CHOP),
activating transcription factor 3 (ATF3), and cation transport regulator-like protein
1 (CHAC1) in response to chronic or irrecoverable stress (Jiang et al., 2004;
Mungrue et al., 2009; Szegezdi et al., 2006). It was found that deletion of the Atf4
from mouse embryonic fibroblast (MEF) cells causes oxidative stress under
nonstressed conditions (Harding et al., 2003) which supports that ATF4 is very
important for health even in its basal level and during normal conditions.

The goal of this dissertation project is to evaluate the role of whole body
versus hepatic ATF4 in mitigating ASNase hepatotoxicity. Assessing ATF4
deletion effects will determine whether the role of GCN2 is fully mediated by
ATF4 or shared with other factors. This will help to better identify the causes of
drug toxicity and perhaps reveal new treatment and prevention approaches.

The overarching hypothesis of my dissertation is that the AAR protects the
liver during ASNase. The objective of my dissertation project is to assess the role

of ATF4 in directing the hepatic AAR during ASNase treatment.



CHAPTER ONE: Literature Review

ASNase as Chemotherapy for ALL

ALL is the most common type of cancer in children from infancy to under
age 20, although it can occur at any age. According to the National Cancer
Institute, overall survival statistics for people with ALL (all ages) is 66.4%
whereas survival in children under 5 years old is 90.8% (Howlader et al., 2016).
According to the 2013 data of the Surveillance, Epidemiology, and End Results
Program, an estimated 77,855 people in United States were living with ALL

(www.seer.cancer.gov/statfacts/html/alyl.ntml ). ASNase has been used in the

treatment of ALL for decades (Pui et al., 2008; Patil et al., 2010; Raetz and
Salzer, 2010; Hill et al., 1967). ASNase is purified from different microbial
sources including Escherichia coli, and Erwinia chrysanthemi. The enzyme can
also be conjugated with polyethylene glycol to increase half-life in the blood and
reduce allergic response (Rytting, 2012; Ramya et al., 2012, Lubkowski et al.,
1996).

Even today, patients receiving ASNase suffer severe deleterious side
effects such as coagulopathy and thromboembolism (Wani et al., 2010; Pui and
Evans 2006; Payne and Vora, 2007), neurological and cardiovascular
complications (Kieslich et al., 2003), steatosis, hyperglycemia and pancreatitis
(Knoderer et al., 2007; Spinola-Castro et al., 2009). Liver toxicity is the basis for
many metabolic complications associated with ASNase. Liver dysfunction

markers such as elevations in transaminase and bilirubin levels, decreases in
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serum albumin, fibrinogen and lipoprotein levels are documented in significant
numbers of patients receiving ASNase (Payne and Vora, 2007, Parsons et al.,
1997). Moreover, fatty infiltrations of the liver and antithrombin 11l deficiency are
consistently reported (Sahoo and Hart, 2003; Pratt and Johnson, 1971).
Although ASNase has been used a chemotherapy for decades, the
molecular mechanism(s) implicated in these adverse events remain unknown.
Pharmacokinetic and pharmacodynamic studies have been unsuccessful in
providing knowledge as to who is at risk and why age influences toxicity. Thus,
there exists a critical need to develop therapies that prevent or mitigate the
adverse metabolic effects of ASNase based on its molecular mechanism of
action in affected tissues. Our lab studies the molecular mechanism of ASNase
hepatotoxicity and has identified the GCN2-directed AAR as critically important to
minimizing ASNase-induced hepatotoxicity (Reinert et al., 2006, Bunpo et al.,
2009; Bunpo et al., 2010, Wilson et al., 2013; Wilson et al., 2015). This
dissertation project sought to determine the role of the GCN2 downstream
effector ATF4 and particularly the influence of global versus partial loss of ATF4

on liver toxicity in ASNase-treated mice.

ASNase Mechanism of Action

ASNase is an enzyme that works by catalyzing the hydrolysis of
asparagine to yield aspartate and ammonia, which ultimately depletes the body’s
pool of this non-essential amino acid. When utilized as chemotherapy, the
rationale is that leukemic lymphoblasts are unable to synthesize asparagine due

to low or absent levels of asparagine synthetase (ASNS) (Leslie et al., 2006;



Aslanian et al., 2001; Broome, 1968). This means that asparagine is an essential
amino acid for leukemic lymphoblasts to grow and proliferate so when circulating
levels of asparagine are depleted leukemic cell death occurs due to amino acid
starvation (Asselin et al., 1989).

The intrinsic glutaminase activity of ASNase potentiates its efficacy to
induce cell death by lowering the level of glutamine, a conditionally essential
amino acid that is required to synthesize asparagine by ASNS (Panosyan et al.,
2004; Offman et al., 2011). However, glutamine deficiency is also cytotoxic to
the liver and other tissues (Reinert et al., 2006). Indeed, our laboratory finds that
clinically-used forms of ASNase diminish glutamine levels in the blood stream
whereas an experimental, glutaminase-free form of ASNase does not (Reinert et
al., 2006). Liver protein synthesis and mammalian target of rapamycin complex 1
(mTORC1) signaling are both reduced upon glutaminase-containing ASNase but
not glutaminase-free ASNase (Reinert et al., 2006). These data show that
glutamine-depleting forms of ASNase inflict a severe form of amino acid
starvation to mammalian tissues. That is why our laboratory uses ASNase as it
represents a clinically-relevant model of amino acid depletion to both tumor and

normal tissues.

Integrated Stress Response
Activation of the elF2-ATF4 pathway by a family of elF2 kinases is named
the Integrated Stress Response (ISR) (Harding et al., 2003) to describe how

multiple elF2 kinases sense different environmental stressors and integrate this



information at the level of elF2 phosphorylation to simultaneously control both
protein synthesis and gene expression. There are four elF2 kinases that
phosphorylate elF2 in response to various types of stress.

First, general control nonderepressible 2 (GCN2; also known as
eukaryotic translation initiation factor 2 alpha kinase 4 or EIF2AK4) is activated
by binding uncharged tRNA which accumulate in response to inadequate
amounts of amino acids in the cellular environment (Hinnebusch, 2005;
Chaveroux et al., 2010; Baird and Wek, 2012). Second, PKR-like endoplasmic
reticulum kinase (PERK; also known as eukaryotic translation initiation factor 2
alpha kinase 3 or EIF2AK3) phosphorylates elF2 in response to accumulation of
misfolded or unfolded proteins in the endoplasmic reticulum (ER) resulting in ER
stress (Harding et al., 1999; Harding et al., 2000; Sood et al., 2000b). Third,
protein kinase RNA-activated (PKR; also known as eukaryotic translation
initiation factor 2 alpha kinase 2 or EIF2AK?2) is activated in response to double
stranded RNA as in viral infection to support host defense mechanisms by
shutting down the host’s protein synthesis machinery to interfere and disturb the
viral infections (Clemens and Elia,1997). Finally, heme-regulated inhibitor (HRI;
also known as eukaryotic translation initiation factor 2 alpha kinase 1 or EIF2AK1)
is activated by low levels of heme or by heat shock stress (Chen et al., 2000; Lu
et al., 2001). Phosphorylation of elF2 by any of these kinases reduces general
protein synthesis while enhancing mRNA translation of specific genes that
contain upstream open reading frames (UORFs) in the 5’ untranslated region.

The best characterized preferentially synthesized ISR gene is ATF4. As part of



the adaptive response to multiple environmental stresses that activate ISR, ATF4
facilitates expression of genes that are responsible for alleviating cellular stress
and regaining homeostasis. If the stress is chronic or of severe intensity that the
cell cannot tolerate, ATF4 guides the cell to alter the transcriptional profile from
survival attempts to programmed cell death. In such case, ATF4 activates cell
death pathways via genes such as Ddit3 (DNA damage-inducible transcript 3)
encoding the protein CHOP (also known as GADD153) (Su and Kilberg, 2008).

It is suggested that amino acid depletion may promote ER stress (Cao and
Kaufman, 2012). However, ER stress is not induced in the livers of Gen2™* or
Gen2” mice by ASNase (Wilson et al., 2013). Whether or not ER stress is
activated by ASNase in the absence of ATF4 is unknown. The ISR signaling is

summarized in Figure 1.

ASNase Activates the AAR

An expansion of the ISR concept specific for amino acid deprivation is
coined by the Kilberg lab as the Amino Acid Response (AAR) (Kilberg et al.,
2012) and is defined as a collection of signal transduction pathways that
terminate in specific transcriptional programs aimed toward adaptation to amino
acid stress. These pathways include the GCN2-elF2-ATF4 pathway as well as
MAP kinase signal transduction pathways.

ASNase deleterious outcomes are suggested to be consequential to
inhibition of global protein synthesis. The low levels of asparagine and glutamine

limit availability of asparginyl-tRNA and/or glutamyl-tRNA which activates GCN2



by the binding of these uncharged tRNAs to a domain related to histidyl-tRNA
synthetase. This binding event activates GCN2 kinase activity (Qiu et al., 2001)
toward its substrate, elF2 (Sood et al., 2000a). Phosphorylation of elF2 on its
alpha subunit at serine 51 increases its affinity for the guanine nucleotide
exchange factor elF2B. This reduces GDP-GTP exchange on elF2, inhibiting
ternary initiation complex formation. As a result, global translation initiation rates
decline (Wek et al., 2006).

A slowing of initiation, and particularly reinitiation, favors the translation of
genes containing UORFs (Morris and Geballe, 2000, Wek et al., 2006). One of
the best characterized in this regard is ATF4 (Harding et al., 2000; Vattem and
Wek, 2004) which has two uORFs. The uORF1 is an activating element and
allows for ribosomal reinitiation at the downstream ATF4 coding region (Hiraishi
et al., 2014, Krishna et al., 2004). In contrast, the uUORF 2 is an inhibitory element
because it overlaps the ATF4 coding region preventing ribosomal reinitiation at
the ATF4 start codon and subsequently blocking ATF4 translation (Krishna et al.,
2004, Wek et al., 2006). Stress conditions that cause ternary initiation complex
depletion slows down the rate of ribosomal reinitiation resulting in the bypassing
of the inhibitory uORFs and engagement of the ATF4 ORF (Kilberg et al., 2009,
Harding et al., 2003). ATF4 protein then locates to the nucleus where it binds to
CARE/AARE elements in DNA and functions to reconfigure gene expression in
order to alleviate cell stress (Kilberg et al., 2012). Although ATF4 is a key,
canonical point in regulating the AAR, little is known concerning the in vivo

contribution of ATF4 to the GCN2-activated AAR during ASNase.
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As defined by Kilberg et al. 2012, the AAR results in altered gene
expression driven by ATF4 and other transcription factors binding to
CARE/AARE during amino acid stress. Examples of genes regulated by ATF4
include Activating Transcription Factor 5 (Atf5), a transcription factor enriched in
liver, and Growth arrest and DNA damage Inducible 34 (Ppplrl5a), an elF2
phosphatase that serves in part to restore global translation efficiency (Kilberg et
al. 2012). While ATF4 is proposed to regulate the AAR, there is no definitive list
of all genes belonging to this signaling pathway. And while ATF4 is considered
the key point in cellular decision making during ISR (Harding et al., 2003;
Fusakio et al., 2016), little is known concerning the in vivo contribution of ATF4 to

the GCN2-activated AAR during ASNase.

Loss of GCN2 Aggravates ASNase-induced Hepatotoxicity

Although GCN2 is conserved throughout eukaryotes and is ubiquitously
expressed, loss of GCN2 function in the whole body is without effect when
nutrient supply is adequate. Yet under conditions of amino acid insufficiency,
maladaptive outcomes manifest (She et al., 2013). Indeed, upon ASNase
treatment mice deleted for Gen2 (Gen2™) express dysfunctional phenotypes such
as immunosuppression, hepatic steatosis, pancreatitis and increased mortality
rate (Bunpo et al., 2010, Wilson et al., 2013, Wilson et al., 2015; Phillipson-
Weiner et al 2016). Previous studies examining leucine starvation suggest that
liver steatosis in Gen2” mice is due to the failure of these animals to

downregulate the expression of lipogenic genes (Guo and Cavener, 2007).



11

However, our laboratory found that fatty liver in ASNase-treated Gen2™ mice
resulted from reduced expression of apolipoprotein B100 resulting in an inability
of the liver to secrete triglycerides into the circulation (Wilson et al., 2015).

The rationale to study the effect of ASNase in Gen2” mice was initially
based on the pathology resulting from feeding leucine-devoid diets to Gen2™
mice (Zhang et al., 2002). Based on these data, it was reasonable to suggest
that metabolic derangements by ASNase may be related to GCN2 deficiency or
defects in the GCN2-elF2-ATF4-AAR. Our previously published data suggest
that ASNase is not the ideal chemotherapy to treat patients who are defective in
inducing GCN2. This project aims to follow the GCN2-elF2-ATF4 AAR pathway
by studying the role of ATF4 in the hepatic response to ASNase. | propose to
identify the role of ATF4 in guiding the liver response to amino acid depletion by
ASNase. The effect of ASNase on the GCN2-elF2-ATF4-AAR is summarized in

Figure 2.

ER Stress and the Unfolded Protein Response

Protein synthesis, processing and folding occurs in the endoplasmic reticulum
(ER). The process of protein folding by the cell is endangered by different factors
that affect the normality of this process such as energy deprivation, oxidative
stress, hypoxia, Ca," depletion, amino acid deprivation, altered glycosylation,
inflammation, and the accumulation of misprocessed proteins in the ER
(reviewed in Cao and Kaufman, 2012). Cellular stress resulting in an

accumulation of misfolded proteins in the ER activates the unfolded protein
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response (UPR), an assembly of signal transduction events guarded by three
ER transmembrane proteins: the elF2 kinase PERK, inositol-requiring kinase 1
(IRE1), and ATF6 (Tirasophon et al., 1998; Harding et al., 1999; Chakrabarti et
al., 2011). Normally, the N-terminal domains of IRE1, PERK, and ATF6 proteins
are bound to a molecular chaperone, B cell immunoglobulin protein (BIP, also
known as glucose regulatory protein 78 or Grp78) (Shen et al., 2002). Upon
accumulation of misfolded proteins in the ER, BIP releases PERK, IRE1 and
ATF6 allowing for their activation (Shen et al., 2002). After being detached from
BIP, PERK dimerizes and activates its own kinase activity by
autophosphorylation, resulting in ATF4 synthesis via preferential mMRNA
translation (Vattem and Wek, 2004).

To cope with ER stress, ATF4 functions in two ways. First, ATF4 elevates
expression of genes involved in ER folding capacity, oxidative stress, cell cycle
control, and amino acid metabolism (Malhi and Kaufman, 2011). ATF4 activates
a negative feedback loop by stimulating the expression of growth arrest and DNA
damage-inducible protein 34 (GADD34). GADD34 dephosphorylates elF2 to
return translation levels to normal in an effort to restore homeostasis (Fels and
Koumenis, 2006). Second, during irrecoverable or chronic stress, ATF4 directs
cell fate toward programmed cell death by inducing CHOP and other factors
(Teske et al., 2013; Han et al., 2013).

Similarly, IRE1 oligomerizes and autophosphorylates itself activating its
dual kinase and endoribonuclease activities. The RNase activity of IRE1

degrades some of the mRNAs in the cell by a process called IRE1-dependent
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decay (Hollien and Weissman, 2006; Hollien et al., 2009). This activity also
splices X Box Binding Protein 1 (XBP1) (Kober et al., 2012), a transcription factor
that helps the cell to restore normal protein folding capacity by inducing protein
folding chaperones and ER-associated degradation (Yoshida et al., 2001).

Upon its release from BiP, ATF6 moves from the ER to the Golgi
apparatus where it is cleaved by site 1 and site 2 proteases to produce ATF6
active form, a transcription factor that translocates to the nucleus to increase the
gene expression of XBP1 and other genes that function to help the ER overcome
and recover from the stress condition (Lee et al., 2002; Chen et al., 2002). These
three signaling events can work together or independently to promote ER folding
ability, decrease protein synthesis, and increase degradation of improperly folded
proteins (Malhi and Kaufman, 2011).

It is suggested that GCN2 might serve to activate the ISR in response to
ER stress in the absence of PERK. In Perk” cells, GCN2 enhances elF2
phosphorylation upon ER stress by hypoxia (Liu et al., 2010). As is revealed by
our previous studies, mice lacking Gen2 do not show evidence of hepatic ER
stress to ASNase (Wilson et al., 2013, Wilson et al., 2015). Due to the
importance of ATF4 in managing ER stress, whether loss of ATF4 provokes ER

stress to ASNase is yet to be addressed.
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mTORCL1 Signaling

In mammalian cells, there are two amino acid supply sensors; GCN2 and
mechanistic target of rapamycin complex 1 (mMTORC1). mTORCL1 consists of
MTOR, Regulatory associated protein of mTOR (Raptor), mammalian lethal with
SEC13 protein 8 (MLST8), proline-rich AKT substrate (PRAS40) and DEP
domain-containing mTOR-interacting protein (DEPTOR) (Kim et al., 2002; Kim et
al., 2003; Waullschleger et al., 2006). GCN2 senses amino acid insufficiency
whereas mTORC1 senses amino acid sufficiency or abundance leading to
decreases or increases in protein synthesis, respectively. A wide variety of
environmental signals such as nutrients, growth factors, oxygen, and stress
induce mTORCI1 to regulate protein synthesis, metabolism, and cell growth
(Laplante and Sabatini 2012; Jewell et al. 2013; Shimobayashi and Hall 2014).
However, amino acid sufficiency is indispensable for complete activation of
MTORC1, even in the presence of growth factor activation (Ye et al., 2015).
In amino acid abundance situations, PI3K-AKT-mTOR (Phosphatidyl Inositol 3
Kinase-Protein Kinase B-mTOR) signaling is activated by Insulin-like Growth
Factor-l and other growth factors (Nobukuni et al., 2005; Cohen and Hall, 2009).
Growth factor signaling phosphorylates phosphatidyl inositol 3 kinase (PI3K) and
activates protein kinase B (Akt). Activated Akt phosphorylates and inhibits the
MTORC1 inhibitor, tuberous sclerosis 2 and 1 complex (TSC2-TSC1 complex),
thereby activating mTORCL1 (Laplante and Sabatini, 2013; Bar-Peled and
Sabatini, 2014). Under amino acid abundant conditions, mTORCL1 activation

results in phosphorylation of two downstream effectors, ribosomal protein S6
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kinase (S6K1) and elF4E-binding protein 1 (4E-BP1) to promote translation
(Hara et al. 1998; Wang et al. 1998). Phosphorylation of S6K1 activates its
substrate ribosomal protein S6 (rpS6) which participates in a crucial step in
MRNA translation (Proud, 2009). Phosphorylation of 4E-BP1 also regulates a
limiting step in the translation initiation machinery, namely availability of the
MRNA cap binding protein elF4E for elF4F formation (Kimball and Jefferson,
2005).

Phosphorylation of mMTORCL1 and its substrates, 4E-BP1 and S6K1, drive
changes in translational efficiency and ribosomal capacity in response to amino
acid availability (Zoncu et al., 2011; Anthony et al., 2001; Dennis et al., 2011).
This is studied in Gen2” animals under amino acid deletion conditions, but
whether or not ATF4 mediates the GCN2 effect in this pathway is to be
elucidated.

Whether the GCN2-elF2-ATF4 ISR regulates mTORC1 or vice versa is a
controversial topic. Ben-Sahra et al. 2016 found that mTORCL1 is required to
activate ATF4 regardless of the AAR or ER stress situations. In contrast, Ye et al.
2015 discovered that activation of mMTORCL1 is regulated by the ISR through
ATF4 in response to amino acid deficiency. In this regard, our lab established
that amino acid deficiency via ASNase inhibits hepatic mTORCL1 signaling.
However, mTORCL1 is activated in the livers of Gen2” mice, leading to
hyperphosphorylation of S6K1 and 4E-BP1 (Bunpo et al., 2009, Wilson et al.,
2013), suggesting that mMTORCL1 is under GCN2 control. To what extent ATF4

coordinates mMTORCL1 activity in response to GCN2 activation is unstudied.
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Recent studies identify Sestrin2 as an ATF4-regulated inhibitor of
MTORC1 during amino acid deprivation (Ye et al., 2015; Kimball et al., 2016,
Saxton et al., 2015; Wolfson et al., 2016). Whether or not Sestrin2 is regulated by

ATF4 under ASNase is unknown.

ATF4 Is a Master Regulator

Our laboratory established that GCN2 is required for a majority of early
signaling and gene expression events to ASNase. These acute events include
increased phosphorylation of elF2 and expression of downstream effectors
ASNS, CHOP, 4E-BP1, and fibroblast growth factor (FGF21) to ASNase (Wilson
et al., 2013; Wilson et al., 2015). While the canonical AAR places ATF4 upstream
of these transcriptional events during ASNase, there are no studies confirming
direct regulatory control by ATF4.

ATF4 is a member of the basic leucine zipper protein family of DNA binding
proteins (Podust et al., 2001). It is also a CREB protein family member (named
CREB2), binding to the CAMP response element (CRE) site in promoter regions
of the DNA (Karpinski et al., 1992). ATF4 regulates the transcription of specific
genes that have the CRE site with the sequence 5'-GTGACGTACAG-3' as well
as the CARE sequence: 5-TGATGXAAX- 79-3' (Hai et al., 1989). ATF4 is
expressed in multiple tissues, and is described as a master regulator of cellular
stress responses (B'chir et al., 2013). Protein expression of ATF4 is very low
under normal conditions because of its short half-life and its low efficiency of

translation (Dey et al., 2010). This transcription factor plays several roles in the
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body such as bone formation (Makowski et al., 2014), maintaining memory
(Bartsch et al., 2000), and the metabolism of glucose and lipid (Seo et al., 2009).
ATF4 is also involved in protein synthesis by increasing cellular amino acids
supply through elevating transcription of amino acid transporters and synthetases
such as ASNS (Siu et al., 2002; Harding et al., 2003; Malmberg and Adams,
2008).

The role of ATF4 in determining cell fate is unclear. It is reported that
ATF4 and CHOP activation increase protein synthesis, oxidative stress, and
subsequent cell death in response to ER stress condition (Han et al., 2013). In
contrast, other studies find that loss of ATF4 exacerbates ER stress by inducing
oxidative stress and cell death (Fusakio et al., 2016). It is suggested that during
environmental stress, the cellular choice between adaptation and apoptosis
depends on the extent and duration of ATF4 expression and its downstream
target CHOP (Fusakio et al., 2016). The role of ATF4 in deciding cell fate during
ASNase is unstudied. This dissertation project aims to follow the AAR pathway
downstream of GCN2 to determine if the AAR is mediated by ATF4. This will also
help me to determine if loss of ATF4 function exacerbates or mitigates
hepatotoxicity by ASNase.

Regulation of protein synthesis is under GCN2 and mTORC1 control in
response to amino acid status. Some studies suggest an interaction between
these kinases, but the exact mechanism is not well defined. Activation of GCN2
by amino acid insufficiency resulted in ATF4 translation (Vattem et al., 2004).

The role of ATF4 in regulating the response to amino acid depletion is
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increasingly studied especially as transcription factor that regulates the gene
expression of amino acid transporters (Lopez et al., 2007) and amino acid
synthesis enzymes (Siu et al., 2002). An important question is whether GCN2
regulates mMTORCL1 via ATF4 or not. It is found that under conditions of
serum/glutamine starvation, ATF4 upregulates amino acid transporters leading to
increase amino acid uptake by the cells and then activation of mMTORCL1 (Chen et
al., 2014) suggesting that ATF4 is upstream and controlling mTORC1 signaling.
However, this stands in contrast with the recent work of Ben-Sahra et al. 2016
which places ATF4 downstream of mMTORC1. My dissertation project will attempt
to clarify this controversy as it relates to amino acid starvation by ASNase.

ATF4 functions to activate Sestrin2, a stress response protein that is also
classified as a mTORCL1 inhibitor (Ye et al., 2015; Ding et al., 2016). Sestrin2 is
induced under oxidative stress, amino acid starvation, and ER stress by ATF4
(Lee et al., 2012; Ye et al., 2015; Bruning et al., 2013). Sestrin2 inhibits mMTORC1
in a manner dependent on AMPK and TSC2 by inhibiting the small GTPase
Rheb (Budanov & Karin, 2008; Wullschleger et al., 2006; Lee et al., 2010; Dann
et al., 2007). It is reported that Sestrin2 is a phosphoprotein and that its
phosphorylation state is dependent on leucine availability and that there is a
relation between the degree of Sestrin2 phosphorylation and the degree of
MTORCL1 inhibition. Under conditions of leucine deficiency, Sestrin2 becomes
highly phosphorylated and interacts with other proteins to inhibit mMTORC1
(Kimball et al, 2016). ASNase treatment blocks hepatic mTORCL1 signaling in

wild type mice (Bunpo et al., 2009; Wilson et al., 2013), but the role of ATF4 is
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unknown. This dissertation project seeks to clarify the role of ATF4 and Sestrin2

in mMTORC1 signaling in response to ASNase.
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Summary

A lack of knowledge about the mechanism of ASNase-induced
hepatotoxicity compromises its safety and effective use. Why some patients fail
to tolerate the drug while others are able to complete treatment without
experiencing adverse metabolic events remains a mystery (Pieters et al., 2011).
Gaining an improved understanding of these toxicities at the molecular level may
boost treatment options.

This dissertation project follows an approach which utilizes genetic mouse
models to examine ASNase molecular mechanism of action in non-tumor tissues.
Previous studies using this approach determined that the GCN2 response to
ASNase treatment is essential to mitigate hepatotoxicity (Bunpo et al., 2009,
Wilson et al., 2013; Wilson et al., 2015). However, a full understanding of the
downstream mechanisms underlying ASNase-induced hepatotoxicity alongside
ATF4-mediated AAR remains undefined. While the canonical ISR positions ATF4
at a key point in cellular decision making (Harding et al., 2003), little is known
concerning the in vivo contribution of ATF4 to the GCN2-activated AAR during
ASNase.

Our laboratory determined that GCN2 is required to increase
phosphorylation of elF2 (Reinert et al., 2006) and reduce mTORCL1 during
ASNase (Bunpo et al., 2009; Bunpo et al., 2010; Wilson et al., 2013). Whether
elF2 phosphorylation and mTORC1 signaling is activated or depressed in the
absence of ATF4 is unknown. Moreover, recent studies identify Sestrin2 as an

inhibitor of mMTORC1 during amino acid deprivation that is regulated by ATF4 (Ye
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et al., 2015; Kimball et al., 2016, Wolfson et al., 2016). Thus, repression of
MTORC1 during ASNase treatment may be under the control of ATF4.

Mice deleted for Atf4 (Atf4™) exhibit pleiotropic phenotypes of reduced
growth, lack of vision, and defects in hematopoiesis and glucose homeostasis
(Tanaka et al., 1998; Masuoka et al., 2002; Yoshizawa et al., 2009). There is little
information in the literature on Atf4 heterozygotes (Atf4™") but in my experience
they appear normal and healthy, similar to Gen2” mice. To understand if Atf4
heterozygosity alters hepatic AAR activation and/or hepatotoxicity to ASNase, |
proposed to examine the effects of ASNase on Atf4"" heterozygote mice
compared to wild type (WT) and Atf4”" mice.

It is reported that the metabolic effects of ATF4 deletion are entirely due to
expression of ATF4 in the osteoblasts (Yoshizawa et al., 2009), but this has not
been independently confirmed. In a previous study, we found that livers of Atf4
whole body and liver specific deletion of Atf4 behaved similarly regarding ISR
activation in response to ER stress inducing drug (Fusakio et al., 2016).
Importantly, no studies have examined liver-specific ATF4 deleted animals to
ASNase. Thus, there is a need to clarify the hepatic-specific role of ATF4 when

the organism is challenged with amino acid depletion by ASNase.
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COMMON ABBREVIATIONS

4E-BP1 - elF4E Binding Protein 1

AAR - Amino Acid Response

Akt - Protein Kinase B

ALL - Acute Lymphoblastic Leukemia

ANOVA - Analysis of Variance

ASNS - Asparagine Synthetase

ATF3 - Activating Transcription Factor 3

ATF4 - Activating Transcription Factor 4

ATFS5 - Activating Transcription Factor 5

ATF6 - Activating Transcription Factor 6

B6J - C57 Black 6 Jackson

BiP - B cell immunoglobulin protein

BW - Body weight

CHACL1- cation transport regulator-like protein 1
CHOP/GADD153 - C/EBP Homologous Protein
Ddit4 - DNA Damage Inducible Transcript 4
elF2 - Eukaryotic Initiation Factor 2

EIF2AK - eukaryotic initiation factor 2-alpha kinase
elF4E - eukaryotic initiation factor 4E

ER - Endoplasmic Reticulum
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FGF21 - Fibroblast growth factor 21

GADD34 - Growth arrest and DNA damage-inducible protein
GCNZ2 - General Control Nonderepressible 2

Grp78 - Glucose regulatory protein 78

HRI - Heme regulated inhibitor

I.p. - intraperitoneal

IRE1 - Inositol requiring 1

ISR - Integrated Stress Response

IU - International Units

KO - Knock out

MEF - mouse embryonic fibroblast

MmTORC1 - Mammalian Target of Rapamycin Complex 1
NRF2 - Nuclear factor, erythroid derived 2, like 2

P70S6K - Ribosomal p70 S6 Kinase

PBS — Phosphate buffered saline

p-elF2 - Phosphorylated elF2

PERK - PKR-like ER-resident Kinase

PI3K - Phosphoinositide 3 Kinase

PKR - RNA dependent protein kinase

PPARG - Peroxisome proliferator activated receptor gamma
PVDF - Polyvinylidene difluoride

REDDL1 - Regulated in development and DNA damage responses 1

RT-gPCR — Reverse Transcriptase-quantitative Polymerase Chain Reaction
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SXBP1 - Spliced X-Box Binding Protein 1

TSC1 - Tuberous Sclerosis 1

TSC2 - Tuberous Sclerosis 2

TUNEL - Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling
UPR - Unfolded Protein Response

uXBP1 - unspliced X-Box Binding Protein 1

WT - Wild-type

XBP1 - X Box Binding Protein 1
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Figures

Figure 1. The ISR. In mammals, Eif2 is phosphorylated by four different kinases

in response to various environmental stresses.

Figure 2. Hypothesized model of amino acid response (AAR) pathway
activated by ASNase in liver. ASNase induces elF2 phosphorylation and
subsequent activation of the AAR. These events correspond with hepatic
adaptive recovery in intact GCN2 mice. Mice lacking Atf4 fails to activate the

homeostatic AAR and this corresponds with ASNase-induced hepatotoxicity.
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Research Objectives and Hypotheses

Global Dissertation Object: To investigate the role of ATF4 in guiding the

liver response to amino acid depletion by ASNase.

Aim 1. Describe the liver response to ASNase in mice deleted for Atf4 versus

Gcen2.

Hypothesis for Aim 1. ATF4 deficiency augments hepatotoxicity to

ASNase similar to loss of GCN2.

Rationale for Aim 1: Based on our previous work with Gen2” mice
treated with ASNase, | reason that ASNase toxicity mechanisms might

be completely or partially driven by its downstream effector, ATF4.

Aim 2. Determine if Atf4 heterozygosity alters the hepatic response to

ASNase.

Hypothesis for Aim 2: ATF4 heterozygosity alters hepatic AAR

activation and augments hepatotoxicity to ASNase.

Rationale for Aim 2: Similar to Gen2” mice, Atf4*" mice appear normal
and healthy. However, Gen2” mice fail to activate the AAR in response

to ASNase, intensifying hepatotoxicity. Based on this, | reason that loss
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of one Atf4 allele will alter induction of the AAR and aggravate ASNase-

induced hepatotoxicity.

Aim 3. Examine the hepatic response to ASNase in mice with a liver-

specific deletion of Atf4.

Hypothesis for Aim 3: Loss of Atf4 in the liver alters hepatic AAR

activation and augments hepatotoxicity to ASNase.

Rationale for Aim 3: Some studies suggest that ATF4 regulates
metabolism via extrahepatic endocrine functions but other studies
describe metabolic roles for ATF4 in liver during ER stress. To what
extent ASNase hepatotoxicity is due to liver deletion of Atf4 versus
extrahepatic deletion is unknown. Based on available data, | reason that
ATF4 regulates the AAR in liver directly and so loss of hepatic expression

will alter the AAR and compromise liver health during ASNase.
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CHAPTER TWO: Roles of ATF4 in the Murine Response to ASNase in Liver.

ABSTRACT

Hepatotoxicity is a major cause of treatment failure in leukemia patients
receiving ASNase. In liver, ASNase activates the AAR via increased expression
of ATF4 following phosphorylation of eukaryaotic initiation factor 2 (p-elF2) by
GCN2 kinase. GCN2 deletion blocks induction of the homeostatic AAR gene
expression program and amplifies mTORC1 signaling, augmenting
hepatotoxicity. The aim of this study was twofold: 1) describe the liver response
to ASNase in mice deleted for Atf4, and 2) determine if Atf4 heterozygosity alters
the hepatic response to ASNase. | compared global gene expression patterns
and selected cell responses in livers from wildtype, Gen2™, and Atf4” mice
treated with ASNase or excipient. These analyses revealed that ATF4 controls a
hepatic gene expression profile that overlaps with GCN2 and serves to limit AAR
activation and maintain cellular metabolism via multiple cytoplasmic nuclear
factors. Atf4” or Atf4*" mice displayed amplification of the AAR and exhibited ER
stress. Furthermore, downregulation of mMTORC1 activity during ASNase was
unaffected by ATF4 deletion. Conclusions: ATF4 serves to self-contain the AAR
and is not required for downregulation of mMTORC1 activity during amino acid

depletion by ASNase.
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Introduction

ASNase is a chemotherapy agent used to treat acute lymphoblastic
leukemia, the most common childhood cancer (Ribeiro and Pui, 2005).
Hepatotoxicity by ASNase causes metabolic complications that correspond with
inhibition of liver protein synthesis (Reinert et al., 2006), but the molecular basis
for this relationship is unclear. Furthermore, why some patients fail to tolerate the
drug while others are able to complete treatment without experiencing adverse
metabolic events remains a mystery (Pieters et al., 2011).

ASNase induces remission by depleting blood levels of asparagine and
glutamine, starving leukemic lymphoblasts of substrates essential for tumor
growth (Panosyan et al., 2004; Offman et al., 2011). In liver and other tissues,
amino acid depletion by ASNase increases p-elF2 by GCN2 (EIF2AK4) (Reinert
et al., 2006; Bunpo et al., 2009). This phosphorylation event alters gene-specific
translation, promoting synthesis of basic-region leucine zipper DNA binding
proteins such as ATF4 (CREBZ2). The binding of ATF4 to CARE/AARE in DNA
activates a homeostatic transcriptional program called the AAR (Kilberg et al.,
2012). Activation of the AAR regulates nutrient uptake and metabolism, energy
and redox homeostasis, and cell cycle control (Harding et al., 2003; Cullinan and
Diehl, 2006; Kilberg et al., 2009; Adams, 2007; Xiao et al., 2013,
Balasubramanian et al., 2013). Animals lacking GCNZ2 fail to activate the AAR in
response to ASNase, and this failure corresponds with hepatotoxicity,
pancreatitis and immunosuppression (Reinert et al., 2006; Phillipson-Weiner et

al., 2016; Bunpo et al., 2010). GCN2 functions to prevent and/or mitigate adverse
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metabolic events to ASNase; however, to what extent these outcomes are
attributed to the central AAR regulator ATF4 is unknown.

A family of elF2 kinases catalyzes p-elF2 under diverse stress conditions.
The integration of this information at the level of p-elF2 (first described as the
ISR by Harding et al., 2003) results in ATF4 synthesis. ATF4 in combination with
other basic-region leucine zipper DNA binding proteins then promotes a program
of gene expression specifically tailored to each environmental stress. For
example, during ER stress, p-elF2 by PERK (EIF2AK3) leads to ATF4 synthesis
(Fusakio et al., 2016) which in combination with the ER transmembrane proteins
ATF6 and IREL1 reduce the client load and increase chaperone mediated
recovery processes as part of the UPR (Yoshida et al., 2001). In the case of
irrecoverable stress, ATF4 and its transcriptional target, CHOP
(DDIT3/GADD153), promote programmed cell death pathways (Su and Kilberg.,
2008; Han et al., 2013). It is suggested that during environmental stress, the
cellular choice between adaptation and apoptosis depends on the extent and
duration of ATF4 expression and its downstream target CHOP (Fusakio et al.,
2016). While the canonical AAR places ATF4 at a key point in cellular decision
making (Harding et al., 2003), little is known concerning the in vivo contribution of
ATF4 to the GCN2-activated AAR during ASNase or any form of amino acid
stress.

A second sensor of amino acid availability is mTORC1 (Zoncu et al.,
2011). Phosphorylation of mMTORC1 and its substrates, S6K1 and 4E-BP1, drive

changes in translational efficiency and ribosomal capacity in response to amino



50

acid availability (Zoncu et al., 2011; Anthony et al., 2001, Dennis et al., 2011).
Amino acid deficiency via ASNase treatment inhibits hepatic mTORCL1 signaling;
however, mTORCL is activated in the livers of Gen2” mice, leading to
hyperphosphorylation of S6K1 and 4E-BP1. Recent studies identify Sestrin2 as
an inhibitor of mMTORC1 during amino acid deprivation that is regulated by ATF4
(Ye et al., 2015; Kimball et al., 2016). Thus, repression of mMTORC1 during
ASNase treatment may also be under the control of ATF4.

In this study, | hypothesized that the GCN2-elF2-ATF4-AAR serves to
protect the liver during ASNase treatment. With this in mind, my objective was to
determine if loss of ATF4 precluded AAR activation by ASNase and in turn,
aggravated hepatotoxicity similar to loss of GCN2. To address this objective, |
crafted two Aims: 1) Describe the liver response to ASNase in mice deleted for
Atf4, and 2) Determine if Atf4 heterozygosity alters the hepatic response to
ASNase. In this study, | administered ASNase to mice lacking Gen2 or Atf4 and
performed RNA sequencing (RNA-Seq) to examine global gene expression and
pathway analysis. Selected hepatic responses to ASNase were further
evaluated in these mice plus mice with heterozygous Atf4 deletion to assess
intermediate phenotypes. These analyses reveal that in liver: 1) ATF4 controls a
gene expression profile that controls cellular metabolism via cytoplasmic nuclear
receptor activation, 2) total or partial loss of ATF4 amplifies the AAR, leading to
induction of a broader cell stress afflicting the ER, 3) GCN2, but not ATF4,
influences MTORC1 activity during amino acid depletion by ASNase and 4)

ASNase-induced increases in Sestrin2 expression and phosphorylation do not
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require GCN2 or ATF4. These findings substantially advance our understanding
of the mechanisms by which ASNase produces adverse metabolic events and

the processes by which the AAR is controlled in liver.

Materials and Methods
Animals.

Animals and Genotyping: Male and female C57BL/6J mice (>8
generations), (age 8-12 weeks) carrying a homozygous deletion of Gen2 (Gen2™)
or Atf4 (Atf4™) (Jackson Laboratories, Bar Harbor, ME) were used alongside
wildtype controls (WT) in these experiments. All mice were individually housed in
clear plastic cages with corncob bedding in a room with a 12:12-hour light-dark
cycle. Mice were freely provided commercial rodent chow (5001 Laboratory
Rodent Diet, LabDiet) and tap water. All animal protocols were approved by the
Institutional Animal Care and Use Committee at Rutgers (IACUC), The State
University of New Jersey. Animals were bred and maintained at the Rutgers

Bartlett animal care facility.

Genotyping.

Animals were genotyped by Polymerase Chain Reaction (PCR) analysis of
ear DNA using standard PCR methods. Ear snips were digested using digest

solution. The following primers were utilized for PCR methods: GTT TCT ACA
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GCT TCC TCC ACT CTT, common to ATF4"* and ATF4" mice. ATF4*"* Forward
CAT ACT GGC TTT GTG CCA GA, and ATF4 Mutant Forward ATT AAG GGC
CAG CTC ATT CC. These primers amplify a 465 base pairs (bp) band in the
ATF4"" mice, and a 354 bp band in ATF4™ mice, as described by Jackson
laboratory (http://jaxmice.jax.org/strain/013072.html). GCN2 primers are 5’ to
exon12 (5°-GGTCTGAAGTAGAAGGATGTCAAGTTC-3'), 3’ to exon12 (5’-
TCCATCAGTTTGCTTCTCTC-3’), and pPNT5 (5'-
TACTGTGGTTTCCAAATGTGTCAGTTT-3’). These primers amplify a 550 bp

band in Gen2**, and 890 bp band in the Gen2™ (Zhang et al., 2002).

Experimental Design.

Mice were administered once-daily intraperitoneal (i.p.) injections of native
E. coli L-ASNase (Elspar®, Deerfield, Illinois) in phosphate buffered saline (PBS)
at 0 or 3.0 international units per gram body weight (IU/g BW) after the start of
the light cycle as previously detailed (Wilson et al., 2015). The doses are based
on our previous work as described in (Reinert et al., 2006) and enzyme activity
was determined prior to injection by the Nesslerization technique by detecting the
level of ammonia as was described (Reinert et al., 2006, Bunpo et al. 2010).
Briefly, the production of ammonia by ASNase over time was measured and
compared with known ammonia standards. Resulting values represented the
activity of the enzyme in international units (IU), where one IU equaled the
amount of enzyme that catalyzed the formation of 1umol of ammonia/min.

Body weight was recorded daily and at the point of euthanasia.
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Body composition.
Body composition of live mice prior first injection and before euthanasia
was determined by magnetic resonance using an EchoMRI instrument (Echo

Medical Systems, Houston, TX).

Sample collection.

Mice from all treatment groups were euthanized by decapitation ~8 h after
the eighth daily injection. Trunk blood collected to obtain serum and tissues were
rapidly dissected and rinsed in ice-cold PBS, blotted and weighed. One portion
of each liver was snap-frozen in liquid nitrogen for RNA isolation while a second
portion was used to determine triglyceride concentrations and a third portion was
used for protein expression analysis. Frozen samples were stored at -80°C until
analysis. A final portion was fixed in 4% paraformaldehyde as previously

described (Wilson et al., 2015).

RNA-Sequencing.

Frozen liver samples were processed to obtain high quality RNA for RNA-
Sequencing (RNA-Seq). Total RNA was extracted from frozen livers using
NucleoSpin® RNA Kit (Macherey-Nagel, Newmann-Neander, Germany) followed
by DNase treatment. The A260/280 and 260/230 absorbance ratios were
identified using NanoDrop1000 (Thermo Fisher Scientific, Wilmington, DE) and
RNA Integrity Number (RIN) was determined using an Agilent Bioanalyzer 2100

(Agilent Technologies, Waldbronn, Germany). RNA-Seq was performed at the JP
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Sulzberger Columbia Genome Center (Columbia University, NY, NY). Poly-A
purified RNA was used with the TruSeq RNA Sample Prep Kit v2 from total RNA
having a RIN = 8.0. Libraries were sequenced on an Illlumina HiSeq 2500 with a
read depth of 30 million, 100 bp single-end reads. The resulting fastq files were
subject to the following bioinformatics pipeline. The reads were mapped to the

mouse genome (mm10) with Tophat v2.0 (http://ccb.jhu.edu/software.shtml) then

differences in gene expression were determined using Cuffdiff and evaluated

according to drug treatment and genetic strain.

RNA-Seq Data quality and differential gene expression.

The quality control plotting methods Principle Component Analysis (PCA) and
Volcano plot were conducted using R (Pumpkin Helmet v3.2.2). PCA as a
dimensionality reduction strategy was used to explore the relationship between
the different treatment groups and strains comparing two directions (PC1 and
PC2) to identify which direction the data have the most spread (Trapnell et al.,
2012). Volcano plot was carried out to visualize the relationship between the fold
change and the significance by comparing log2 (Fold Change) to log10
(statistical relevance) (Trapnell et al., 2012). Differences in gene expression
were evaluated according to drug treatment and genetic strain. Fastq files were
aligned to the mouse genome (mm210) using TopHat (v2.1.0) and Bowtie (v1.1.2)
(http://ccb.jhu.edu/software.shtml) and mapped reads were submitted to Cufflinks
(v2.2.1) using the default settings. The assembled transcript files were quantified

by Cuffdiff and then indexed and visualized using CummeRbund (v2.12.0). To
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initiate the Venn diagrams, differentially expressed gene lists were put into Venny

2.0.2 (http://bicinfogp.cnb.csic.es/tools/venny/) that created the gene categories

A-G in Figure 2.

Pathway Analyses.

Resulting gene lists from the Venn categories (A-G) were analyzed for
biological relevance by Ingenuity Pathway Analysis (IPA). In addition,
differentially expressed gene lists were evaluated for gene ontology and KEGG
pathway enrichment analysis using DAVID (v6.7) (Huang et al., 2009). In both
approaches, statistical significance of gene enrichment was p < 0.05.
Integrated Genome Viewer (IGV) (v2.3) was used to confirm the deletion of the

Gcn2 and Atf4 genes (https://www.broadinstitute.org/igv/v1.2).

Heat maps.

Heat maps (Fig 2C-D) show the level of significance of pathways across
multiple gene sets. The —log10 of P values represent the statistical significance
values were color-indexed (white for no significance to dark red for the highest
significance) (Han et al., 2013). Heat map (Fig 2E, Fig 3B) were generated in R
using cummeRbund for the purpose of visualizing differentially expressed genes

(Trapnell et al., 2012).

Hepatic MRNA expression levels by Reverse Transcriptase Quantitative

PCR.
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Total RNA was extracted as described above. 1ug of purified RNA was
reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA). Relative mRNA expression levels were
determined by quantitative PCR using TagMan reagents and the StepOnePlus
Real-Time PCR System (Applied Biosystems, Foster, CA). Each mRNA from a
single biological sample was measured in triplicate and normalized to 18S
ribosomal RNA. Results were obtained by the comparative Ct (cycle threshold)
method and are expressed as fold change with respect to the experimental

control as previously detailed (Wilson et al., 2013).

Immunoblot Analysis.

Tissue lysates were prepared as previously described (Wilson et al.,
2015; Bunpo et al., 2009). The following primary antibodies were purchased
from Cell Signaling Technology (Beverly, MA): phospho-elF2a (#3597); phospho-
Akt Thr308 (#9275); total AKT (#9272); phospho-P70S6K Thr389 (#9205); total
P70S6K (#9202); phospho-PERK Thr980 (#3179); total PERK (#3192); and
GAPDH (#2118). Other primary antibodies included: total elF2a (#sc11386,
Santa Cruz Biotechnology, Dallas, TX); 4EBP1 (#A300-501A, Bethyl
Laboratories, Montgomery, TX); and SESN2 (#10082-224, ProteinTech,
Rosemont, IL). Immunoblot membranes were processed and developed using
enhanced chemiluminesence (Amersham Biosciences, Pittsburgh, PA).

Chemiluminescence signal intensities were digitally captured using a FluorChem
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M multiplex imager (Protein Simple) and band densities were quantitated using

Carestream Molecular Imaging Software (version 5.0).

Histology.

A portion of each fixed liver sample was paraffin-embedded and sections
(5 uM) were stained with hematoxylin, counterstained with eosin, dehydrated and
mounted for light microscopy observation and also evaluated for DNA
fragmentation by TUNEL assay as described (Bunpo et al., 2010). Frozen
sections from fixed liver were stained with Oil Red O to visualize neutral lipid
content (Wilson et al., 2013). Liver triglycerides were also measured

biochemically using a commercially available kit (Biovision).

Statistical Analysis.

Global transcriptome analyses (n=3 per group) were conducted in R using
cummeRbund. Differentially expressed genes were considered to be statistically
significant when the g value (or False Discovery Rate, FDR) was < 0.1
(unadjusted p < 0.017). All other measurements utilized 4-8 animals per group
and are reported as means + SEM. Differences between treatment groups were
analyzed by two-way ANOVA, with strain and drug as independent variables and
a level of significance, p < 0.05 (STATISTICA, StatSoft, Tulsa, OK). When an
overall significance was detected, differences among individual means were

evaluated using Tukey’s post-hoc test.
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Results

Atf4" and Gen2” mice share somatic but not tissue-specific responses to
ASNase.

| sought to understand the role of ATF4 relative to GCN2 in liver
adaptation to ASNase treatment. To accomplish this, I injected ASNase at 3
international units per gram body weight (3 1U/g BW) into WT, Gen2™”", and Atf4™
mice once daily for 8 days using phosphate buffered saline (PBS) as a control.
Before treatment commenced, Atf4” mice had significantly less fat mass than
WT and Gen2™ mice (Fig. 1A), that is consistent with its reported lean phenotype
(Seo et al., 2009). Following ASNase treatment, WT mice experienced minimal
change in body weight (Fig. 1B) and body composition (Fig. 1C-D) but Atf4” and
Gcen2” mice both lost substantial amounts of body weight and body fat without
altering lean mass. Compared to WT mice, ASNase also increased liver and
pancreas mass and reduced spleen mass in Gen2” mice (Fig.1E) in accordance
with previous observations (Phillipson-Weiner et al., 2016; Bunpo et al., 2010;
Wilson et al., 2015). However, none of the ASNase-induced effects were

observed in Atf4” mice and organ/tissue masses resembled WT.

ATF4 and GCN2 control overlapping patterns of hepatic gene expression during
ASNase.

| performed transcriptional profiling of poly-A mRNA via massively parallel
sequencing of cDNA (RNA-seq) to further define the role of ATF4 and GCN2 in

liver in response to ASNase. To accomplish this, total RNA was extracted from
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liver of WT, Gen2” and Atf4™ mice treated with ASNase or PBS excipient. After
RNA-Seq, | examined data quality by examining the percentages of mapped
reads and evaluated fragments per kilobase of transcript per million mapped
reads (FPKM) values for isoforms, transcripts and annotated genes. Next, |
confirmed the Gen2™” and Atf4” deletions at the genome level (Fig. 2A-C). | also
assessed the degree of global changes in gene expression among the samples
visualized as cross-comparison Volcano plots (Fig. 2D). Furthermore, Principle
Component Analysis indicated that livers from ASNase-treated Atf4” and Gcn2”
mice were quite different from the other samples indicating ASNase caused a
considerable change in gene expression (Fig. 2E).

A comparative examination of PBS-injected mice by Venn analysis
showed many hepatic genes required Gen2 and/or Atf4 for basal expression (Fig
2F). | found 545 genes were dependent (either directly or indirectly) on GCN2
while 408 genes required ATF4 relative to WT PBS-treated controls with 263
shared between Gcn2” and Atf4” (category B). Pathway analyses of genes
within the three categories indicated that many of the effected biological
processes were shared; among them were stellate cell activation of hepatic
fibrosis, complement cascades, activation of cytoplasmic nuclear binding
proteins, calcium signaling, glycolysis and gluconeogenesis (Fig. 2G). Several
pathways such as epithelial nitric oxide synthase signaling, the coagulation
system, phagosome formation, and adipogenesis were predominantly associated
with GCN2 whereas ATF4 was exclusively associated with processes including

cholesterol biosynthesis, ketogenesis and the oxidative branch of the pentose
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phosphate pathway. Thus, while the global influence of GCN2 in the non-
stressed liver was largely mediated by ATF4, several key biological processes
were unique to each protein. These findings indicate that both GCN2 and ATF4
function to regulate gene expression in the absence of apparent stress and that
these key ISR regulators can serve partially in separate signaling pathways.

| also examined the effect of ASNase on hepatic gene expression by Venn
analysis (ASNase versus PBS in each genetic strain) (Fig. 2H). In WT mice,
ASNase altered expression of 525 genes compared to PBS; of these, 61%
changed independent of GCN2 and ATF4 (category D). ASNase altered 2,508
genes in Gen2” mice whereas ASNase altered 3,786 genes in Atf4” mice. Of
these, 36% were common to loss of Gen2 or Atf4 but not shared with WT
(category F) while 36% of genes altered in Gen2™” mice were not shared with
Atf4" or WT (category E) and 57% of genes altered in Atf4”" were not shared
with Gen2” or WT (category G). Pathway analyses were performed on these
specified gene categories to explore biological processes affected (Fig. 21).
These analyses identified signaling via peroxisome proliferator-activated
receptor, p53, and AMPK and oxidative phosphorylation as altered by Gcn2
status whereas loss of Atf4 influenced signaling via elF2, elF4, p70S6K, ER
stress and the UPR and tRNA charging were altered in the absence of ATF4. |
also found that a variety of metabolic processes were misaligned in the absence
of GCN2 or ATF4. For example, genes implicated in acute phase response,

hepatic fibrosis, xenobiotic metabolism, mitochondrial dysfunction, nuclear factor
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2 (NRF2)-mediated oxidative stress response, and cholesterol biosynthesis were
altered in both Gen2” and Atf4™ mice.

An important cellular process altered by loss of Gen2 or Atf4 independent
of ASNase was nuclear receptor activation. Nuclear receptors control
organismal development, metabolism and homeostasis by regulating the
expression of specific genes (Kliewer et al., 2002; Kliewer e al., 2002b; Dossa et
al., 2016). Gene ontology analysis revealed that pathways associated with
retinoid x receptor (RXR), liver X receptor (LXR), pregnane x receptor (PXR) and
vitamin D receptor (VDR) were altered by loss of GCN2 or ATF4. The relative
expression changes of the nuclear receptor genes in WT, Gen2” and Atf4”, with
and without ASNase, is documented in the Heat map (Fig 2J). These findings
indicate that defects in the GCN2-ATF4 AAR compromise expression of

cytoplasmic nuclear receptors, especially during amino acid deprivation.

ATF4 and GCNZ2 differentially regulate the AAR in response to ASNase.

GCNz2 is critical for activation of the AAR by ASNase in liver (Bunpo et al.,
2009; Wilson et al., 2015; Wilson et al., 2013) but the role of its downstream
effector ATF4 in the implementation of this pathway is unknown. To address this
guestion, | first measured p-elF2 and found that in contrast to loss of Gen2, loss
of Atf4 amplified basal p-elF2 and did not block induction of p-elF2 by ASNase
(Fig. 3A). A global view of the AAR was then crafted by creating a heat map of
hepatic gene expression (Fig. 3B) (Shan et al., 2010). Clustering these data

revealed three major AAR response patterns: 1) ASNase-induced elevations in
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both Gen2” and Atf4™, 2) ASNase-induced elevations in Atf4” but not Gen2™
and 3) ASNase-induced elevations in WT that were lost in both mutants Gen2”-
and Atf4”. 1 used RT-gPCR to confirm individual genes within the three clusters
of the AAR; Sesn2 belonging to pattern 1 (Fig. 3C), Asns belonging to pattern 2
(Fig. 3D) and Fgf21 belonging to pattern 3 (Fig. 3E). This gene cluster analysis
indicates that the GCN2-activated AAR is mediated only partially through ATF4

and that ATF4 functions to limit activation of the AAR by ASNase.

Deletion of Atf4 promotes ER stress to ASNase.

Amplification of the AAR in ASNase-treated Atf4” mice and ingenuity
pathway analysis revealed that components of the ER stress pathway were
highly enriched. To test this premise further, | measured phosphorylation of
PERK and found no change by strain or drug, suggesting robust p-elF2 by GCN2
in the Atf4” animals (Fig 4A). However, another important measure of ER stress,
Xbp1 mRNA splicing, was greatly elevated in ASNase-treated Atf4” mice (Fig.
4B). Several other measures of ER stress, such as Atf6 (Fig 4C) along with
Ddit3 (encoding CHOP) (Fig. 4D), were significantly increased, indicating partial

engagement of the UPR.

GCN_2 regulates mTORCL1 independent of ATF4.
Mice lacking Gen2 show hyperactivation of mMTORCH1 in liver during
ASNase alongside elevations in circulating branched chain amino acids (BCAA)

leucine, isoleucine and valine (Bunpo et al., 2009; Wilson et al., 2013). | first
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examined the phosphorylation state of S6K1 and 4E-BP1, which are downstream
of MTORC1 to explore the connection among GCN2, ATF4, mTORC1 and BCAA
in response to ASNase. Consistent with our previously published findings,
phosphorylation levels of S6K1 and 4E-BP1 in liver were stable or even reduced
by ASNase in WT but amplified in Gen2” mice (Fig. 5A-B, 5E). Recently, several
reports attributed GCN2 regulation of mTORC1 to ATF4 (Ye et al., 2015; Wolfson
et al., 2016; Ding et al., 2016). In contrast with this idea, mTORC1 signaling was
repressed in Atf4” similar to WT. To understand the underlying mechanism, |
measured signaling via the upstream protein kinase B/Akt (p-Thr308). ASNase
treatment reduced Akt phosphorylation levels in both Gcen2” and Atf4” whereas
WT remained relatively constant (Fig. 5C, 5E), indicating that this was not a
determining effector. | also examined Sestrin2 phosphorylation that inversely
correlates with mTORC1 activity during leucine deprivation (Kimball et al., 2016).
Consistent with this idea, ASNase increased Sestrin2 phosphorylation in liver of
WT mice; however, Sestrin2 phosphorylation also increased in ASNase-treated
Gcen2” and to an even larger extent in ASNase-treated Atf4” mice (Fig. 5D-E).
These results suggest that neither Sestrin2 phosphorylation nor ATF4 are
required for hepatic mMTORC1 inhibition to amino acid deprivation by ASNase.
Accordingly | conclude that in response to ASNase, GCN2 regulates mTORCA1

independent of ATF4.

Heterozygous loss of ATF4 promotes hepatic ER stress and apoptosis to

ASNase.
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Atf4™ mice exhibit pleiotropic phenotypes of reduced growth, lack of
vision, and defects in hematopoiesis and glucose homeostasis (Tanaka et al.,
1998; Masuoka et al., 2002; Yoshizawa et al., 2009). In contrast, Atf4
heterozygotes (Atf4"") appear normal and healthy. | examined the effects of
ASNase on Atf4*" mice compared to WT and Atf4” to understand if ATF4
heterozygosity altered hepatic AAR activation and/or hepatotoxicity to ASNase.

+/+

Prior to treatment, Atf4”" but not Atf4*" mice were leaner than Atf4*"* mice (Fig.
6A). ASNase reduced body weight in all strains, with Atf4*" mice displaying body
weights that were intermediate between Atf4"* and Atf4”~ mice (Fig. 6D). Atf4™"

+/+

mice were similar to Atf4™" in body composition following PBS or ASNase
injections (Fig. 6B-C). Only Atf4” mice displayed reduced body fat following
ASNase. ASNase did not significantly alter liver or pancreas mass but reduced
spleen weight in Atf4*"*, Atf4*" and Atf4™ mice (Fig. 6E).

ASNase elevated liver triglycerides in all strains but the increase in Atf4”
mice was reduced relative to Atf4*"* and Atf4*" mice (Fig. 6F-G). Liver sections
from Atf4*" mice showed a high level of DNA fragmentation that was intermediate
between Atf4*"* and Atf4” mice, indicating greater hepatic stress both basally
and following ASNase (Fig. 6H-1). Consistent with this idea, basal p-elF2 levels in

+/+

Atf4*" livers were elevated relative to Atf4"* and ASNase further increased p-
elF2 to levels equivalent to Atf4™" mice (Fig. 6J). In addition, livers from Atf4*"
mice treated with ASNase expressed Atf4, Ppprlrl5a, and 4ebpl greater than

Atf4*"* while Atf5 was expressed equal to that measured in Atf4” mice, reflecting

aggravated, maladaptive AAR induction (Fig. 6K-L). In contrast, livers from Atf4*"
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* mice

mice treated with ASNase expressed Fgf21 similar to livers from Atf4
indicating that one Atf4 allele was sufficient to fully rescue loss of Fgf21
expression. Nonetheless, the overall amplified AAR induction in livers from Atf4*"
mice treated with ASNase corresponded with elevated ER stress. Similar to the
Atf4" ASNase-treated Atf4"" mice showed increased Ddit3 and Atf6 mRNA
expression, along with Xbpl mRNA splicing compared with its own PBS controls
and increased Hspa5 mRNA expression as compared to Atf4** PBS (Fig. 7A-C).
Gene expression of Nrf2, a marker of oxidative stress that is also identified as an
ATF4 interacting protein (He et al., 2001), was also elevated in ASNase-treated
Atf4*" livers above ASNase-treated Atf4** livers (Fig. 7D), indicating that

heterozygosity of ATF4 is partially alleviated by an increase in Atf4 expression,

but there remains an altered AAR and greater hepatic stress.

Discussion

Liver dysfunction as a result of oxidative stress and hepatic steatosis is an
ASNase-associated adverse event that complicates remission induction and
reduces treatment success (Bunpo et al., 2009, 2010, Wilson et al., 2013, 2015).
A maladaptive GCN2-elF2-AAR was previously described by our laboratory as a
molecular basis for metabolic complications by ASNase (Reinert et al., 2006;
Bunpo et al., 2009; Seo et al., 2009; Wilson et al., 2013) but the role of ATF4 in
this process is unknown. Herein | present a global view of how loss of GCN2 or
ATF4 alters the liver transcriptome basally and during ASNase treatment. |

identify cytoplasmic nuclear receptors linked to the regulation of cellular
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metabolism as novel targets of the GCN2-ATF4 pathway. | find that coordination
of MTORC1 signaling by GCN2 does not require ATF4 or Sestrin2. Finally, | also
find that both total and partial loss of Atf4 expression is unable to self-limit the
adaptive AAR to ASNase, resulting in ER stress and greater cell death. These
findings challenge prevailing ideas on ATF4 function and add new mechanistic
insight into how the liver adapts to AA deprivation.

ATF4 is a master regulator of metabolism and thermogenesis in ways that
are for the most part mysterious. Global deletion of Atf4 increases energy
expenditure, resulting in a lean phenotype, and compromises eye and bone
development (Seo et al., 2009; Tanaka et al., 1998; Masuoka et al., 2002; Wang
et al., 2012). At least one report attributes metabolic control by ATF4 to its
expression in osteocytes (Yoshizawa et al., 2009) but other studies using mice
harboring a liver-specific deletion of ATF4 show that its expression in liver plays
important roles in regulating cholesterol and lipid metabolism as well as oxidative
stress responses (Li et al., 2016). This study provides the first global view of the
hepatic transcriptome on the background of Atf4 deletion and a first comparison
to deletion of Gen2.

The novel identification of nuclear receptors as ATF4 regulated gene products
provides a mechanistic basis for how ATF4 regulates metabolism during AA
deprivation. Among the noted differences, the identification of cytoplasmic
nuclear receptor families, especially RXR, PXR and LXR, provides an important
molecular clue explaining the downregulation of many metabolic pathways in

Gen2” and Atf4” mice. Biomolecular data mining using EVEX (evexdb.org)
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indicates that ATF4 binds LXR, PXR and RXR and coregulates multiple gene
families; many of these encode transcriptional and translational responses to ER
and oxidative stress in addition to cellular metabolism. PXR/RXR activation is
important in xenobiotic metabolism, lipid metabolism and cholesterol
homeostasis (Kliewer et al., 2002a). This pathway in combination with short
homologue partner (SHP; gene name NrOb2) determines the rate of bile acid
synthesis (Watanabe et al., 2004; Beuers et al., 2015). A previous transcriptional
profiling analysis reported that downregulation of nuclear receptors that regulate
xenobiotic and cellular metabolism is an underlying cause of hepatotoxicity to
methapyrilene-induced liver injury (Auman et al., 2007). The prevailing data
suggest ASNase-associated hepatotoxicity is related to AAR-driven expression
of key cytoplasmic nuclear receptors that function to support hepatic metabolism
and detoxification during AA stress.

Mice lacking Gen2 do not show evidence of hepatic ER stress to ASNase
(Reinert et al., 2006; Seo et al., 2009; Wilson et al., 2013). In contrast, ER stress
is significantly upregulated in the liver of Atf4” mice. These results suggest that
ATF4 is necessary to limit the AAR and prevent activation of ER stress
responses. Recently, we reported that in the absence of Atf4, ATF6 and CHOP
assume auxiliary functions during pharmacological ER stress, driving the cell
toward a maladaptive cell fate (Fusakio et al., 2016). These findings suggest that
a maladaptive AAR in the cytosol can trigger select branches of the UPR. Itis
important to note that the PERK arm was not induced during this ER stress.

Given that there is heighted p-elF2 by GCN2 in ASNase-treated Atf4™" livers, this
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finding may indicate that there are feedback systems that sense that can
selectively thwart induction of PERK despite ER stress. This idea is consistent
with a previous report showing that GCN2 kinase induces p-elF2 in response to
the ER stress inducer, hypoxia, in Perk” cells (Liu et al., 2010). Furthermore,
GCNZ2 serves as a redundant kinase in the absence of PERK activation to
increase p-elF2 under UPR conditions (Hamanaka et al., 2005). Our current
results support these findings and define the need to more fully understand how
the binding partners of ATF4 determine cellular outcome. This is especially
important because loss of one Atf4 allele aggravates ER stress by ASNase.
Hyperactivation of mMTORCL1 signaling is reported in Gen2 null mice upon
AA deprivation (Bunpo et al., 2009; Wilson et al., 2013), leading to the hypothesis
that GCN2 or another player in the ATF4-AAR coordinates amino acid sensing
with mTORCL1 signaling. One candidate is the phosphoprotein Sestrin2, an
MTORCL1 inhibitor regulated by ATF4 under conditions of AA deprivation or ER
stress (Ye et al., 2015; Kimball et al., 2016; Ding et al., 2016). Under conditions
of amino acid deficiency, Sestrin2 becomes highly phosphorylated, promoting its
interaction with a complex that subsequently blocks lysosomal localization of
MTORCL1 (Bar-Peled et al., 2013). According to in vitro studies the
phosphorylation of Sestrin2 is selectively induced by leucine deficiency, but not
other essential amino acids and that there is a relation between the degree of
Sesn2 phosphorylation and the degree of mMTORCL1 inhibition (Kimball et al.,
2016). Others report that methionine, and to a lesser extent isoleucine and valine

also bind directly to Sestrin2 (Wolfson et al., 2016; Saxton et al., 2016).
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Furthermore, glutamine deprivation activates Sestrin2 inhibitory effect toward
MTORCL1 in mouse embryonic fibroblasts (Ye et al., 2015). These studies in total
suggest Sestrin2 serves as a regulator of the mTORC1 pathway by sensing the
availability of specific amino acids (Wolfson et al., 2016). Our findings extend
these published results by showing that in liver an increase in Sestrin2
phosphorylation by itself does not ensure mTORCL1 inhibition and does not
require GCN2 or ATF4.

In conclusion, the multifactored RNA-seq presented here is the first
comprehensive dataset that explores the role of Gen2 and Atf4 in genome-wide
transcriptional control in liver of mice; both basally and under stress conditions as
a model to understand the molecular basis of treatment failure in response to
ASNase. Future areas of investigation include comparing the global
transcriptional response in liver to other profiling modalities (i.e. proteomic or
metabolic, and in normal tissues and/or cancer cell lines) and using this
information to discover novel treatments or therapies to prevent metabolic

toxicities to ASNase.
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Figure Captions

Figure 1. Whole body and tissue responses to ASNase. (A) Percent of body fat
mass and percent of body lean mass was measured by EchoMRI before the
treatment (day 0) in wildtype (WT), Gen2” and Atf4” mice. (B) Percent of body
fat mass change after 8 d of i.p. injection of PBS or ASNase. (C) Percent of body
lean mass change after 8 d of i.p. injection of PBS or ASNase. (D) Percent body
weight (BW) change in wildtype (WT), Gen2” and Atf4” mice treated with 8 daily
i.p. injections of PBS or ASNase (3 IU/g BW) and euthanized 8 h after the last
injection. (E) Percent weight change of liver, pancreas, and spleen relative to
BW. Data were analyzed by two-factor ANOVA, n=4-6 animals per group. Means

without a common letter are statistically different (P<0.05).

Figure 2. Transcriptional profiling of livers from WT, Gen2” and Atf4” mice
treated with PBS or ASNase. Deletion of Gen2 and Atf4 genes in mice. (A, B)
Integrity Genome Viewer (IGV) plots show the absence of Gen2 and Atf4 exons
in Gen2” and Atf4™” mice respectively after being aligned to the mouse genome
mm10. (C) Gene expression of Atf4 measured by using RT-gPCR. Data
represent n=3 per group. Atf4 gene expression was analyzed by two-factor
ANOVA, Means not sharing a common letter are different, P<0.05. (D) Volcano
plot shows the genes that differ significantly (highlighted in red) among PBS and
ASNase treatment conditions in wildtype (WT), Gen2” and Atf4” mice treated

with 8 daily intraperitoneal injections of PBS or ASNase (3 IU/g BW) and
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euthanized 8 h after the last injection (P<0.05). X-axis represents Log2 (fold
change) and Y axis represents the —log(P-value). (E) Principle Component
Analysis (PCA) plot with X-axis represents PC1, the first component points in the
direction of highest variance. The Y-axis represents PC2, the second component
points in the direction of highest variance. (F) Venn diagram showing altered
basal gene expression divided into three categories: unique to Gcn2 deletion [A],
unique to Atf4 deletion [C] or common to deletion of either [B]. (G) Venn diagram
showing categories of gene expression altered by ASNase including gene
changes independent of the GCN2-ATF4-AAR [D]; those unique to Gen2” [E];
those unique to Atf4” [G]; and those common to Gen2” and Atf4” [F]. (H) IPA of
basal gene expression categories A-C in above Venn diagram. (l) IPA of
ASNase-induced gene expression categories D-G in the above Venn diagram.
(J) Heat map of nuclear receptor gene expression. Data represent n=3 per
group. All differentially expressed genes shown were statistically significant (q

value or FDR < 0.1; unadjusted p < 0.017).

Figure 3. Loss of Gen2 or Atf4 differentially alters the hepatic AAR to ASNase.
(A) Phosphorylation of elF2 in liver by immunoblot analysis. (B) RNA-Seq
expression data presented in a heat map clusters the hepatic AAR to ASNase
into three categories: stable or increased gene expression in both Gen2” and
Atf4”, represented by Sesn2 (C), elevated gene expression in Atf4” but not in
Gen2”, represented by Asns (D), and reduced expression in both Gen2” and

Atf4” represented by Fgf21 (E) Color scale shows genes with increased
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expression (dark brown range) and decreased expression (light yellow range).
Gene expression in C-E was measured by RT-qPCR. Data were analyzed by
two-factor ANOVA, n=3 per group. Means without a common letter are different,

P<0.05.

Figure 4. Whole body deletion of Atf4 induces genetic markers of hepatic ER
stress following 8 d ASNase. (A) Phosphorylation of PERK in liver by immunoblot
analysis. (B) Gene expression of spliced (sXbpl) and unspliced (uXbpl) Xbpl
measured by RT-gPCR. (C) Gene expression of Atf6 measured by RT-gPCR. (D)
Gene expression of Ddit3 measured by RT-qPCR. Data were analyzed by two-
factor ANOVA, n=3 per group. Means without a common letter are different,

P<0.05.

Figure 5. Hepatic mTORC1 signaling is hyperactivated in response to ASNase
in Gen2™ but not Atf4” mice. Densitometry of immunoblots for (A) Phospho-
S6K1 at threonine 389 B) Phospho-4E-BP1 C) Phospho Akt at threonine 308 and

D) Phospho Sestrin2. E) Representative immunoblots for panels A-D.

Figure 6. Heterozygous deletion of Atf4 alters hepatic AAR and promotes cell
death in response to ASNase. (A) Percentage of body fat and lean mass before
the treatment (day 0) in wildtype (Atf4™*), Atf4*" and Atf4” mice as measures by
EchoMRI. (B) Percent of body fat mass change after 8 d of i.p. injection of PBS

or ASNase. (C) Percent of body lean mass change after 8 d of intraperitoneal
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injection of PBS or ASNase (D) Percent body weight (BW) change in Atf4™*,
Atf4"" and Atf4” mice treated with PBS or ASNase (daily i.p. injections of 3 1U/g
BW for 8 days) and sacrificed 8 h after the last injection. (E) Percent weight
change of liver, pancreas, and spleen relative to body weight. (F) Oil Red O
stained liver sections (5um) show neutral lipid accumulations, red dots. (G)
Triglyceride concentrations in the livers of Atf4™*, Atf4”" and Atf4” mice as
measured by Triglyceride Quantification Colorimetric/Fluorometric assay. (H)
Fragmented DNA visualization using TUNEL assay in liver sections (10um).
Images show visual features determined in 3-5 mice per group using X 20
objective in Atf4™*, Atf4*" and Atf4” mice. (1) Apoptosis was ascertained by
manual counting of TUNEL-positive nuclei using Image J software. (J) Phospho-
elF2 was measure by immunoblot analysis and quantified relative to total elF2.
(K) Gene expression of Atf4 in liver as measured by RT-gPCR. (L) Gene
expression of AAR genes Asns, Atf3, Atf5, Fgf21, Eif4ebpl, Ppplrl5a in Atf4™",
Atf4*" and Atf4” mice. Data were analyzed by two-factor ANOVA, n=4-8 per

group. Means not sharing a common letter are different, P<0.05.

Figure 7. Heterozygous loss of Atf4 predisposes mice to ER stress when treated
with ASNase. Expression of ER stress genes A) Ddit3 (Chop) B) Xbp1 splicing
C) Hspa5 and Atf6 in liver was measured by RT-gPCR. D) Expression of
oxidative stress marker Nrf2 in liver was measured by RT-gPCR. Data were
analyzed by two-factor ANOVA, n=4-8 per group. Means not sharing a common

letter are different, P<0.05.
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CHAPTER THREE: Hepatic ATF4 Regulates Stress Response to ASNase in
Mice.
ABSTRACT

ASNase activates the AAR, increasing gene-specific translation of the
transcription factor ATF4 to regain homeostasis via altered gene expression. In
this study | examine the role of hepatic Atf4 in liver of mice treated with ASNase.
To accomplish this, | treated eight week old liver-specific Atf4 homozygous null
mice as well as their homozygous wild type littermates with ASNase for eight
days and compared the hepatic AAR alongside a broader assessment of liver
health using a combination of biochemical and histological approaches. Further |
compared the global transcriptomic analyses of vehicle-treated/nonstressed
whole body Atf4” versus liver-specific Atf4 homozygous null mice to address the
hepatic role of ATF4 in controlling basal gene expression. RNA-seq analyses
show that only a small portion (71/1039) of gene changes were shared, but gene
ontology and pathway analyses revealed that most of the cellular processes
altered in liver-specific Atf4 homozygous null mice were either shared or partially
overlapped with those being altered in Atf4” mice, supporting a direct role for
liver-derived ATF4 in regulating liver metabolism. The results also indicate that
hepatic loss of Atf4 augments the AAR to ASNase. The amplified AAR
corresponded with induction of genetic markers of ER stress and increased cell
death, indicating that loss of Atf4 results in maladaptive outcomes. Furthermore,
| found that ATF4 expression in the liver is dispensable for hepatic mMTORC1

activity during amino acid depletion by ASNase. The results of this study reveal
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that Atf4 deletion in the liver promotes a maladaptive AAR and activates ER
stress to amino acid deficiency. In addition, mMTORC1 activation in the liver is not

dependent on ATF4.
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Introduction

ALL is the most common type of cancer in children and adolescents, and it
is a frequent cause of death in those under age 20. ASNase is one of the
chemotherapies used to treat ALL (Ribeiro et al., 2005; Pui et al., 2008; Patil et
al., 2010, Raetz and Salzer, 2010), and it is widely recommended as it improves
remission induction rate (Hill et al., 1967; Landau and Lamanna, 2006).
Nevertheless, ASNase has many deleterious side effects that include liver failure
and metabolic complications secondary to liver dysfunction that lead to treatment
abandonment (Appel et al., 2008). Importantly, the exact mechanisms underlying
ASNase-induced hepatotoxicity remain incompletely understood. Acquiring an
improved understanding of the mechanism of these toxicities may improve
treatment options.

ASNase depletes circulating levels of asparagine and glutamine and in
liver activates the elF2 kinase GCN2 (Reinert et al., 2006; Bunpo et al., 2009;
Wilson et al., 2013). Phosphorylation of elF2 by GCN2 dampens global protein
synthesis rates while simultaneously promoting gene-specific translation of
protein factors such as ATF4. ATF4 facilitates expression of a set of genes to
cope with the stress by binding to response elements called CARE or AARE.
This adaptive mechanism is known as the AAR (Kilberg et al., 2012). GCN2 is
necessary for hepatic adaptation to ASNase through activating the GCN2-elF2-
ATF4-AAR (Bunpo et al., 2009). Lack of GCN2 function precludes AAR induction
and exacerbates hepatotoxicity (Wilson et al., 2013; Wilson et al., 2015; Chapter

2).
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GCNZ2 kinase is the primary responder to amino acid deficiency by
ASNase in liver of mice. However, my work in Chapter 2 shows that treatment of
mice deleted for Atf4 with ASNase induces hepatic ER stress and specifically the
XBP1 and ATF6 arms of the UPR. To what extent loss of hepatic ATF4 versus
extra-hepatic ATF4 led to a maladaptive AAR and ER stress is unclear. My
recent published work shows that in the absence of ATF4, ATF6 and CHOP
assume auxiliary maladaptive response to ER stress-induced drug which
correspond with compromised cholesterol and bile acid homeostasis (Fusakio et
al., 2016).

The objective of this study was to evaluate the role of hepatic ATF4 in liver
responses to ASNase and compare whole body versus liver-specific loss of Atf4
on the liver transcriptome under non-stressed or basal conditions (Aim 3). Based
on my results in Chapter 2, | hypothesize that loss of hepatic Atf4 induces a
maladaptive AAR which leads to greater ER stress and hepatotoxicity during
ASNase.

In Chapter 2, | confirmed that mTORC1 activity is elevated in Gen2™
treated with ASNase, similar to our previous published findings (Bunpo et al.,
2009; Wilson et al., 2013). | then extended these findings by discovering that
loss of Atf4 did not unleash mTORCL1 activity during ASNase. This finding
conflicts with the recent report implicating ATF4 in mTORC1 downregulation by
amino acid deprivation via Sestrin2 (Ye et al., 2015; Wolfson et al., 2016; Ding et
al., 2016). However, at least one report supports my findings that Gen2 but not

ATF4 regulates mTORC1 under amino acid deprivation (Averous et al. 2016).
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Based on this report and my results in Chapter 2, | hypothesized that loss of
hepatic ATF4 would not disrupt mTORC1 inhibition during ASNase.

In this study | addressed Aim 3 by first performing RNA sequencing (RNA-
Seq) to examine global gene expression and pathway analyses in livers of whole
body versus liver-specific Atf4 deletion in non-stressed conditions. In addition, |
administered ASNase to mice lacking Atf4 from the liver only to assess the AAR,
ER stress, and mTORCI1 signaling. Collectively, these analyses indicated that in
liver: 1) loss of hepatic Atf4 in the nonstressed state alters a gene expression
profile that partially overlaps with livers from mice with whole body deletion of
Atf4, 2) Hepatic loss of Atf4 alters the AAR to ASNase and induces ER stress to
ASNase, 4) Hepatic Atf4 does not regulate mTORC1 activity in the liver by
ASNase, and 5) Sestrin2 phosphorylation in liver does not require hepatic ATF4.
These findings fundamentally expand basic knowledge of the importance of
hepatic ATF4 basally and in guiding the AAR, ER stress, and mTORCL1

mechanisms by ASNase.

Materials and methods
Animals.

All animal protocols were approved by the Institutional Animal Care and
Use Committee at Rutgers, The State University of New Jersey. In this study,
male and female liver-specific Atf4 null mice (IsAtf4™, or also known as Cre+
mice) were generated by crossing mice homozygous for a floxed Atf4 allele

(Atf4") with mice expressing Cre recombinase driven by the albumin promoter
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(Alb-Cre). In these studies, control mice are Atf4™ littermates that lack the Alb-

+/+

Cre transgene (IsAtf4™" or also known as Cre-). Generation of the conditional
Atf4 knockout targeting construct is previously described (Ebert et al., 2012).
Animals were genotyped by PCR analysis of ear DNA using standard methods.
The following primers were utilized for PCR: Atf4 Flox Forward
GCAGACGTTCCTGGGTTAGA and Atf4 Flox Reverse
GCTTCCTGCCTACATTGCTC. These primers amplify 345 bp in Cre- mice and
465 bp in Cre+ mice (Ebert et al., 2012). All mice were individually housed in
clear plastic cages with corn cob bedding in a temperature and humidity
controlled room with a 12:12 h light:dark cycle. Mice were freely provided

commercial rodent chow (5001 Laboratory Rodent Diet, LabDiet) and tap water

throughout the experiment.

Experimental Design.

In a first experiment, differential global gene expression analyses were
conducted on liver RNA samples from untreated WT, Atf4”, Cre- and Cre+ mice
that were subjected to RNA-Seq. In a second experiment, Cre- and Cre+ mice
were assigned by body weight to receive either 8 daily intraperitoneal (i.p.)
injections of native E. coli L-ASNase (Elspar®) in phosphate buffered saline
(PBS) at 0 or 3.0 international units per gram body weight (IU/g BW) once daily
as previously detailed (Wilson et al., 2015). The treatment groups in this second
experiment were: Cre- / PBS, Cre-/ ASNAse, Cr+/PBS, and Cre+/ ASNase. Mice

from all treatment groups were euthanized by decapitation ~8 hours after the final
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injection. Tissues (e.q., liver, pancreas, spleen, blood) were collected. Dissected
livers were rinsed in ice-cold PBS, blotted and weighed. One portion was then
snap-frozen in liquid nitrogen before storage at -80°C while another portion was
fixed in 4% paraformaldehyde. Body composition of live mice was measured
prior to the first injection and before euthanasia by magnetic resonance using an

EchoMRI instrument (Echo Medical Systems, Houston, TX).

RNA-Sequencing.

Frozen liver samples were processed to obtain high quality RNA for cDNA
synthesis to conduct RNA-Seq analysis. Total RNA was extracted from frozen
livers followed by DNase treatment using NucleoSpin® RNA Kit (Macherey-
Nagel, GmbH & Co. KG, Newmann-Neander, Germany). The A260/280 and
260/230 absorbance ratios were and the RNA Integrity Number (RIN) were
measured to validate the high quality of RNA samples (RIN = 8.0) (Agilent
Bioanalyzer 2100). RNA from liver samples of whole body Atf4” and Cre+ non-
stressed mice were submitted to Columbia Genome Center (Columbia

University, NY) as described in Chapter 2.

Bioinformatics.
As described in Chapter 2, global gene expression changes were
analyzed using the TUXEDO bioinformatics pipeline. Differentially expressed

genes were considered statistically significant with a FDR of < 0.1 (unadjusted p
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< 0.03). Quality control plotting methods such as Principle Component Analysis

(PCA) and Volcano plot were conducted in R (v3.2.2).

Differential gene expression and pathway analyses
A Venn diagram was generated using Venny 2.0.2

(http://bicinfogp.cnb.csic.es/tools/venny/). To create the Venn diagram; a list of

differentially expressed genes (DEG) for Cre+ mice versus Cre- mice under

nonstressed conditions was compared with a DEG list from nonstressed whole

body Atf4” mice versus WT using a cutoff of FDR<0.1 to create A-C categories.
Gene lists in each category was submitted to Ingenuity Pathway Analysis

(IPA) (http://www.ingenuity.com/products/ipa) to identify biological processes and

pathways reflected in the gene lists. Significance cutoff used was p < 0.05.

Heat map
Genes reflecting specific biological processes were further illustrated by
Heat map to display the negative log10 (P value), (white for no significance to

dark red for the highest significance) (Han et al., 2013).

Immunoblot analysis.

Frozen livers were weighed and immediately homogenized on ice to
prepare tissue lysates to evaluate protein expression as described in Chapter 2
and previous laboratory publications (Bunpo et al., 2009; Wilson et al., 2015).

Blots were developed using enhanced chemiluminesence (Amersham


http://bioinfogp.cnb.csic.es/tools/venny/
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Biosciences). Protein expression was analyzed using a FluorChem M multiplex
imager (Protein Simple) and band density was quantitated using Carestream

Molecular Imaging Software (version 5.0).

Reverse Transcription-Quantitative Polymerase Chain Reaction.

Total RNA was extracted from frozen livers using TriReagent (Molecular
Research Center, Cincinnati, OH) as detailed (Wilson et al., 2015). 1ug of the
purified RNA solutions was used for reverse transcription using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA).
Gene expression levels were determined by quantitative PCR using TagMan
reagents and detected by StepOnePlus Real-Time PCR System (Applied
Biosystems). Comparative Ct method was utilized to obtain results normalized to

the Cre- PBS treated.

Histology.

Liver samples from each group were sectioned (10 uM) and stained to

evaluate DNA fragmentation by Terminal deoxynucleotidyl transferase dUTP nick

end labeling (TUNEL) assay as described (Bunpo et al., 2010).

RESULTS

Cre+ phenotypic features to ASNase.
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Mice with a liver-specific deletion of Atf4 were created by mating mice that
expressed the Atf4 gene as homozygous floxed to mice expressing Cre
recombinase driven by the albumin promoter (Adams, 2007). In his study, Cre+
represents liver-specific Atf4 knockouts whereas Cre- mice are Atf4 floxed mice
which serve as wildtype controls. To evaluate the liver response to ASNase in
Cre+ mice, | i.p.-injected ASNase (3 IU/g) into Cre- and Cre+ mice once daily for
8 days using PBS as a vehicle solution. Prior to the beginning of the first
injection, all mice had similar lean and fat mass (Fig. 1A). In response to
ASNase, Cre- mice experienced minimal change in body weight, whereas Cre+
mice lost a substantial amount (-2.35% versus -5.23%) of body weight (Fig. 1D).
All mice except the Cre- treated with PBS lost significant amounts of lean mass
(Fig. 1B) and gained significant amounts of fat regardless of treatment (Fig.1C).
ASNase did not induce change in liver or pancreas weights, whereas spleen
weight decreased following ASNase in both strains compared to Cre- mice

treated with PBS (Fig. 1E).

Hepatic-only deletion of Atf4 alters basal gene expression.

To further investigate the role of ATF4 basally in liver, | performed RNA-
Seq analysis of IsAtf4”" (Cre+) versus whole body Atf4”". RTgPCR confirmed
significant reduction (~80%) of Atf4 gene expression in Cre+ mice (Fig. 2A) in
agreement with our previous results showing ATF4 loss at both gene and protein
levels in Cre+ mice (Fusakio et al., 2016). Second, | crafted a Volcano plot to

visualize the relationship between the fold change and the significance by
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comparing log, (Fold Change) to logso (statistical relevance) (Fig. 2B). Volcano
plot indicated that hepatic gene expression that was altered to the loss of the Atf4
from the liver only is significantly different from that was changed to the loss of
Atf4 from the whole body. Principle Component Analysis indicated that livers
from Cre+ were quite different from whole body Atf4” mice (Fig. 2C).

Venny analysis of a comparative examination showed that many hepatic
genes required Atf4 for basal expression. Using a FDR<0.1, | found 368 genes
were altered by reduced hepatic expression of Atf4 whereas 600 genes were
altered by whole body deletion of Atf4. While only 71 genes were altered by both
(Fig. 2D), GO term and pathway analyses of gene categories (A-C) showed that
either deletion altered many shared biological processes including degradation of
nicotine Ill, II, melatonin |, acetone, superoxide radicals, isoleucine I, glutaryl-
CoA, valine I, and tryptophan lll, FXR/RXR, PXR/RXR, LXR/RXR, and hepatic
fibrosis / hepatic stellate cell, NRF2-mediated oxidative stress response,
xenobiotic metabolism, LPS/IL-1 mediated inhibition of RXR function, UPR, fatty
acid B-oxidation Ill, p38 MAPK signaling, ER stress, ATM signaling, ILK
signaling, actin cytoskeleton signaling, ERK/MAPK signaling, signaling by Rho
family GTPases, and AMPK signaling (Fig. 2E). On the other hand, livers from
Cre+ mice demonstrated altered inositol pyrophosphates biosynthesis, acyl-CoA
hydrolysis, VEGF signaling, Stat3 Pathway, VEGF Family Ligand-Receptor
Interactions, eNOS signaling, p53 signaling, VDR/RXR activation, mTOR
signaling, phospholipases, thrombin signaling, Myc mediated apoptosis signaling,

cell cycle: G1/S checkpoint regulation, stearate biosynthesis I, integrin signaling,
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and NF-kB signaling. Atf4 loss from the whole body altered calcium signaling,
glutathione-mediated detoxification, superpathway of cholesterol biosynthesis,
epithelial adherence junction signaling, complement system, glycolysis I,
gluconeogenesis |, acute phase response signaling, retinol biosynthesis,
retinoate biosynthesis I, cell cycle: G2/M DNA damage checkpoint regulation,
intrinsic prothrombin activation pathway, TR/RXR activation, PPARa/RXRa

activation, and ketogenesis (Fig. 2E).

Hepatic loss of Atf4 amplified cell death and AAR to ASNase.

| injected Cre- and Cre+ mice with either PBS or ASNase for 8 d to
explore the effect of hepatic deletion of Atf4 on the liver health and AAR to
ASNase. The results of apoptosis analysis by TUNEL assay showed significant
increases in fragmented DNA levels in ASNase-treated Cre+ livers compared to
livers from Cre- mice (Fig. 3A). Livers from Cre+ mice also showed significant
increases in phosphorylation of elF2a at Ser51 following saline and ASNase as
compared to Cre- treated with PBS (Fig. 3B). Hepatic Asns, Eif4ebp1, Atf5, and
Ppp1r15a gene expression increased in ASNase treated Cre+ mice to levels
equal to or greater than ASNase-treated Cre- livers (Fig. 3D). In contrast with
whole body Atf4”" mice which precluded hepatic Fgf21 expression to ASNase
(Chapter 2, Figure 6F), Fgf21 gene expression was elevated in the livers of Cre+
mice upon ASNase, suggesting an extrahepatic signal contributed to hepatic

Fgf21 expression. (Fig. 3D).
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Hepatic Atf4 loss predisposed mice to ER stress during ASNase.

| evaluated genetic markers induced by ER stress to investigate the
hepatic UPR to ASNase in Cre+ mice. Ddit3 (encoding CHOP protein) mRNA
expression increased in Cre+ livers to ASNase (Fig. 4A). Similarly, ASNase
increased Xbp1 mMRNA splicing and Hspab and Atf6 hepatic gene expression, in
Cre+ livers (Fig. 4B) compared to PBS treated Cre- mice (Fig. 4C). The oxidative
stress marker, Nrf2 gene expression also showed induction in Cre+ compared to

the Cre- control (Fig. 4D).

Hepatic loss of Atf4 elevated mTORC1 signaling basally but did not interfere with
downregulation by ASNase.

| conducted immunoblot analyses of target proteins to assess
phosphorylation state and expression levels to examine the mTORC1 pathway
response to ASNase. In accordance with my findings in Chapter 2 (Figure 5A-B),
S6K1 and 4E-BP1 phosphorylation levels were significantly reduced by ASNase
in Cre+ mice (Fig. 5A-B). To further understand the mTORC1 inhibition
mechanism, | analyzed the phosphorylation of Akt (p-Thr308) and found it was
reduced in all ASNase treated mice regardless of genotype (Fig 5C).
Furthermore, | found that ASNase increased the phosphorylation of Sestrin2 and
this effect was greater in Cre+ mice compared with the corresponding Cre- mice

(Fig. 5D).
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Discussion

ASNase induces hepatotoxicity that interferes with treatment success and
risks drug abandonment (Pieters et al., 2011). Therefore, it is critical to gain an
improved understanding of these toxicities at the molecular level to improve
remission rates. This study is the first to examine the impact of Atf4 deletion in
liver both on basal gene expression and on the AAR to ASNase. The study is
also unique in that it compares genetic loss of Atf4 in the liver versus the whole
body under nonstressed conditions, revealing the critical role that ATF4 serves in
regulating the liver transcriptome basally. Further, | discovered that liver deletion
of Atf4 induces ER stress to ASNase similar to the whole body deletion. Finally,
my work reveals that hepatic ATF4 is not required to increase Sestrin2
phosphorylation or inhibit mMTORC1 in response to ASNase.

At least one report attributes metabolic control by ATF4 to its expression
in osteocytes (Yoshizawa et al., 2009) but other studies using mice harboring a
liver-specific deletion of ATF4 show that its expression in liver plays important
roles in regulating cholesterol and lipid metabolism as well as oxidative stress
responses (Li et al., 2016). This study provides the first global view of the
hepatic transcriptome of liver specific deletion of Atf4 and a first comparison to
deletion of Atf4 from the whole body. The nuclear receptors that were found to
be regulated by ATF4 in Chapter 2 were also indicated to be altered in liver
specific Atf4 null mice. This suggested that this process might be a mechanistic
basis for how hepatic and extrahepatic ATF4 regulate metabolism during amino

acid deficiency without treatment.
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Mice lacking Atf4 in liver show evidence of hepatic ER stress to ASNase
similar to Atf4”" mice as shown in chapter 2. This is also consistent with what |
published recently that in the absence of Atf4, ATF6 and CHOP function to drive
the cell toward a maladaptive cell fate in response to ER stress (Fusakio et al.,
2016). These findings also indicate that maladaptive AAR in the cytosol can
trigger the UPR in response to ASNase.

My results in chapter 2 indicated that ATF4 is not required to direct the
GCNZ2 effect on Sestrin 2 or mTORCL1 signaling. These findings conflict with
recent reports which claim that Sestrin2 is regulated by ATF4 under conditions of
AA deprivation or ER stress (Ye et al., 2015; Kimball et al., 2016; Ding et al.,
2016). These studies in total suggest Sestrin2 serves as a regulator of the
MTORC1 pathway by sensing the availability of specific amino acids (Wolfson et
al., 2016; Bar-Peled et al., 2013; Saxton et al., 2016; Ye et al., 2015; Kimball et
al., 2016; Ding et al., 2016). Our findings extend these published results by
showing that in liver an increase in Sestrin2 phosphorylation correlates with but
does not causes MTORC1 inhibition and does not require GCN2 or ATF4.

In conclusion, globally hepatic ATF4 is required to regulate gene
expression basally. Hepatic deletion of Atf4 augments liver toxicity to ASNase
similar to the whole body deletion. Alongside that hepatic ATF4 limits AAR
amplification and ER stress induction to ASNase. Our findings also showed that

Gcen2 regulates mTORCL1 signaling in ATF4 independent manner.
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Figure Captions

Figure 1. Body and tissue responses to ASNase in mice with Cre
recombinase-mediated deletion of Atf4 in liver. (A-C) Body fat mass and
percent of body lean mass was measured by EchoMRI before the treatment (day
0) in Cre- and Cre+ mice. (D) Percent body weight (BW) change in Cre-
(Atf4"1) “and Alb-Cre+ (liver-specific Atf4”) mice treated with 8 daily i.p.
injections of ASNase (3 IU/g BW) or saline excipient and killed 8 h after the last
injection. (E) Percent weight change of liver, pancreas, and spleen relative to
body weight. Data were analyzed by two-factor ANOVA, n=6-8 animals per

group. Means not sharing a common letter are different, P<0.05.

Figure 2. Global discovery of genes altered by IsAtf4”" (Cre+) mice basally.
(A) Atf4 gene expression by RT-qPCR. (B) Volcano plot shows the genes that
differ significantly (highlighted in red) between 2 conditions (P<0.05). X-axis
represents Log2 (fold change) and Y axis represents the negative log(P value).
(C) Principle Component Analysis (PCA) plot was conducted to explore the
relationship between the two strains, with X-axis represents PC1, the first
component points in the direction of highest variance. The Y-axis represents
PC2, the second component points in the direction of highest variance. Cre-,
Cre+, WT, whole body Atf4” mice, n=3 per group (P<0.03, FDR<0.1). (D) Venn
diagram shows number of genes altered basally can be divided into three

categories, unique to Cre+ deletion [A], unique to whole body Atf4 deletion [C] or
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common to deletion of either [B]. (E) IPA of biological changes in gene
expression as categorized above within the Venn diagram. Samples went
through RNA-Seq analyses are livers of Cre-, Cre+, WT and whole body Atf4”
mice FDR<0.1, n=3 per group. Means not sharing a common letter are different,

P<0.05.

Figure 3. Hepatic deletion of Atf4 alters AAR and promotes cell death in
response to ASNase. (A) Fragmented DNA evaluation as a marker of apoptosis
level was measured by TUNEL staining of liver sections (10um), and ascertained
by manual counting of the staining-positive nuclei using Image J software. n=3
per group. (B) Phospho-elF2 was measure by immunoblot analysis and
guantified relative to total elF2. (C) Gene expression of AAR genes Asns, Atf3,
Atf5, Fgf21, Eif4ebpl, and Ppplrl5a in Cre- and Cre+ mice. Data were analyzed
by two-factor ANOVA, n=6-8 per group. Means not sharing a common letter are

different, P<0.05.

Figure 4. Hepatic Atf4 deletion promotes ER stress to ASNase. Gene
expression of (A) Ddit3, (B) spliced (sXbpl) and unspliced (uXbpl1) Xbp1l, (C)
Hspa5 and Atf6, (D) Nrf2 measured by RT-PCR. Data were analyzed by two-
factor ANOVA, n=6-8 per group. Means not sharing a common letter are different,

P<0.05.
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Figure 5. Nonstressed Cre+ mice demonstrate elevated mTORC1signaling
that is downregulated in response to ASNase independent of Akt
phosphorylation and Sestrin2 phosphorylation. (A) Phospho-S6K1 at
threonine 389, (B) Phospho-4E-BP1, and (C) Phospho-Akt at threonine 308 was
assessed by immunoblot analysis while (D) Phospho-Sestrin2 was assessed by
electrophoretic mobility shift. (Data were analyzed by two-factor ANOVA, n=6-8

per group. Means not sharing a common letter are different, P<0.05.
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Figures
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Figure 4
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Overall Summary

The diagnosis of ALL in a child or adult can be devastating to a family
especially if the treatment is without high safety margin. ASNase is one of the
most efficient chemotherapies to survive the ALL but patients suffer comorbidities
including liver failure (Appel et al., 2008), coagulopathy and thromboembolism
(Wani et al., 2010; Pui and Evans, 2006; Payne and Vora, 2007; Merlen et al.,
2015), neurological and cardiovascular complications (Kieslich et al., 2003),
hyperglycemia and pancreatitis (Knoderer et al., 2010; Spinola-Castro et al.,
2009). However, hepatotoxicity is characterized as the most life-threatening side
effect of ASNase (Douer et al., 2007; Rosen et al., 2003, Vetro et al., 2014). This
can lead to severe secondary events including thromboembolism (Ettinger et al.,
1995), liver failure, and encephalopathy (Rytting et al., 2010). Thus, there exists
a critical need to develop therapies that prevent or mitigate the adverse
metabolic effects of ASNase based on its molecular mechanism of action in
affected tissues.

ASNase functions by degrading two amino acids, asparagine and
glutamine (Wilson et al., 2013) that are essential to cancer cells to survive.
Decreasing amino acid level in the cells sensitized by GCN2 kinase which then
phosphorylates elF2a inhibiting the global protein translation except for some
proteins like ATF4 (Vattem and Wek, 2004), that is part of ISR response (Harding
et al., 2003). As part of ISR, in response to amino acid depletion, ATF4 activates

transcriptional program AAR that functions to restore homeostasis (Kilberg et al.,
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2012). My dissertation project sought to determine the influence of global versus
partial loss of ATF4 on liver toxicity in ASNase-treated mice.

Aim 1 of this dissertation compared the role of ATF4 versus GCN2 in the
liver basally as well as in response to ASNase. My work revealed that ATF4 only
partially mediates the effect of Gen2 in liver. | also showed that intact ATF4 is of
extreme importance to adapt to ASNase treatment, and resulted in severe
maladaptive responses. Specifically, global Atf4 loss amplified the AAR and
induced ER stress to ASNase. In contrast, Gen2 deleted mice failed to activate
the AAR and do not exhibit ER stress in response to amino acid depletion by
ASNase. Unexpectedly, Atf4” mice behaved similar to WT mice regarding
MTORCL1 signaling pathway. Whilst loss of Atf4 does not affect mMTORCL1 in
response to ASNase, lack of Gen2 highly activates mTORC1 induction.

Aim 2 of this dissertation was conducted to assess if Atf4 heterozygosity
altered the ISR response to ASNase and induced hepatotoxicity. My results
emphasized the importance of full Atf4 gene expression to avoid ASNase-
induced hepatotoxicity. My findings revealed that loss of one allele of Atf4 gene is
also detrimental in that it induced AAR amplification, ER stress, liver steatosis,
and cell death in response to ASNase. The results of my experiments
demonstrated that defective ISR exacerbate the ASNase side effects and can
predispose ALL patients towards severe deleterious metabolic events under this
chemotherapy treatment.

Finally, in Aim 3 | examined the impact of Atf4 deletion in liver both on

basal gene expression and on the AAR to ASNase. In addition, | compared



125

genetic loss of Atf4 in the liver versus the whole body under nonstressed
conditions, revealing the critical role that ATF4 serves in regulating the liver
transcriptome basally. In these studies, | discovered that liver deletion of Atf4
induces AAR and ER stress to ASNase similar to whole body deletion of Atf4.
Furthermore, | found that mMTORC1 signaling is not altered in mice with liver
deletion of Atf4 and hepatic ATF4 is not required to increase Sestrin2
phosphorylation or inhibit mMTORC1 in response to ASNase. Importantly, these
responses were similar to whole body deletion of Atf4. Overall, | concluded that
hepatic deletion of Atf4 augmented liver toxicity to ASNase similar to whole body
deletion of Atf4.

My results indicate a need to screen ALL patients’ genetic backgrounds
for ASNase may not be ideal to treat this disease in patients with defects or
mutations in the ISR. This is consistent with recent human studies that identify
single nucleotide polymorphisms in Atf5 and Asns and correlate their incidence
with adverse events to asparaginase (Rousseau et al., 2011; Pastorczak et al.,
2013). Early identification of symptoms or biological markers related to these
defects applies knowledge that helps to determine patients harboring silent
potential inabilities to handle the stress associated with ASNase. This allows
physicians to identify at risk ALL patients to be treated with different
chemotherapy that they can tolerate given their specific genetic risk. In addition,
future recommendation to improve the ASNase safety by applying a concomitant
therapy protocol that may include for example; synthetic antioxidants to mitigate

oxidative stress, and or chaperones to alleviate ER stress.
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Further studies are required to unravel some questions raised in my
dissertation. For example, | suggest to carrying out a study to understand the
reason behind the stress that the Atf4 deleted mice suffered under nonstressed
conditions. This might be done by conducting experiments to compare wildtype
to Atf4 deleted mice basally by using more advanced analyses. The RNA-Seq
that | done in the dissertation might be followed by metabolomics, proteomics
and/or other analyses that may help to reveal the real time protein activity in the
cell.

Future studies are also required to indicate the role of other factors that
might compensate the absence of the ATF4 function in Atf4” mice. For
examples, | found that Nrf2 gene expression is highly elevated in the Atf4 deleted
mice that might supersede the ATF4 effect in driving the response to oxidative
stress. Studies can be done to investigate NRF2 protein expression in these
mice compared to wildtype mice by conducting western blotting or chip seq
analyses to assure this idea. Also, | found high induction of Atf6 mMRNA
expression in the Atf4” mice that its protein might take over ATF4 role in inducing
the ER stress response as | previously ascertained by measuring the ATF6
cleavage in the Atf4 knockout mice (Fusakio et al., 2016).

Other studies might be conducted by following the redundant pathways
that were highlighted by the IPA analyses to figure out candidates that might be
controlled by the Atf4 gene to regulate metabolism. For example, the recognition
of nuclear receptors as being ATF4 regulated gene products suggest a

mechanism for how ATF4 regulates metabolism in response to amino acid
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starvation.

In addition to the global transcriptomic analyses that | have conducted in
this dissertation, future areas of investigation include comparing the global
transcriptional response in liver to other profiling modalities (i.e. proteomic or
metabolic, and in normal tissues and/or cancer cell lines) and using this
information to discover novel treatments or therapies to prevent metabolic
toxicities to ASNase. In conclusion, the suggested studies might help to indicate
other factors that can be targeted to improve ASNase treatment as

chemotherapy in defected Atf4 individuals.



128

Literature Cited

Douer D, Yampolsky H, Cohen LJ, Watkins K, Levine AM, Periclou AP, Avramis
VI. Pharmacodynamics and safety of intravenous pegaspargase during
remission induction in adults aged 55 years or younger with newly
diagnosed acute lymphoblastic leukemia. Blood 2007;109:2744-50.

Ettinger LJ, Kurtzberg J, Voute PA, Jurgens H, Halpern SL. An open-label,
multicenter study of polyethylene glycol-L-asparaginase for the treatment
of acute lymphoblastic leukemia. Cancer 1995;75:1176-81.

Fusakio ME, Willy JA, Wang Y, Mirek ET, Al Baghdadi RJ, Adams CM, et al.
Transcription factor ATF4 directs basal and stress-induced gene expression
in the unfolded protein response and cholesterol metabolism in the liver. Mol
Biol Cell. 2016 May 1;27(9):1536-51.

Harding HP, Zhang Y, Zeng H, Novoa |, Lu PD, Calfon M, Sadri N, Yun C,
Popko B, Paules R, Stojdl DF, Bell CJ, Hettmann T, Leiden JM, Ron D, An
integrated stress response regulates amino acid metabolism and
resistance to oxidative stress, Mol. Cell 11 (2003) 619-633.

Kilberg MS, Balasubramanian M, Fu L, Shan J The transcription factor network
associated with the amino acid response in mammalian cells. Adv Nutr.
2012 May 1;3(3):295-306. doi: 10.3945/an.112.001891.

Pastorczak A, Fendler W, Zalewska-Szewczyk B, Gérniak P, Lejman M,
Trelinska J, Walenciak J, Kowalczyk J, Szczepanski T, Mlynarski W;
Polish Pediatric Leukemia/Lymphoma Study Group. Asparagine
synthetase (ASNS) gene polymorphism is associated with the outcome of
childhood acute lymphoblastic leukemia by affecting early response to
treatment. Leuk Res. 2014 FeDb;38(2):180-3. doi:
10.1016/j.leukres.2013.10.027. Epub 2013 Nov 5. PMID: 24268318

Rosen O, Muller HJ, Gokbuget N, et al. Pegylated asparaginase in combination
with high-dose methotrexate for consolidation in adult acute lymphoblastic
leukaemia in first remission: a pilot study. Br J Haematol 2003;123:836—
41.

Rousseau J, Gagné V, Labuda M, Beaubois C, Sinnett D, Laverdiere C,
Moghrabi A, Sallan SE, Silverman LB, Neuberg D, Kutok JL, Krajinovic M.
ATF5 polymorphisms influence ATF function and response to treatment in
children with childhood acute lymphoblastic leukemia. Blood. 2011 Nov
24;118(22):5883-90. doi: 10.1182/blood-2011-05-355560. Epub 2011 Oct
4.



129

Rytting M. Peg-asparaginase for acute lymphoblastic leukemia. Expert Opin Biol
Ther 2010;10:833-9.

Vattem KM, Wek RC. Reinitiation involving upstream ORFs regulates ATF4
MRNA translation in mammalian cells. Proc Natl Acad Sci U S A.
2004;11269-74.

Vetro C, Giulietti G, Calafiore V, Romano A, Di Raimondo F. A snapshot of
asparaginase-induced liver insufficiency. Eur J Haematol. 2014
Mar;92(3):271-2. doi: 10.1111/ejh.12251. Epub 2014 Jan 10.

Wilson GJ, Bunpo P, Cundiff JK, Wek RC, Anthony TG. The eukaryotic initiation
factor 2 kinase GCN2 protects against hepatotoxicity during ASNase
treatment. Am J Physiol Endocrinol Metab. 2013 Nov 1;305(9):E1124-33.
doi: 10.1152/ajpendo.00080.2013. Epub 2013 Sep 3.



	Dissertation 9-25-16-RA-First Part
	Figures-9-19-16-RA TGA-2nd Part
	CHAPTER THREE-9-19-16-3rd Part
	Ls-9-19-16-4rth part
	Overall Summary-9-25-16-TGA edits

