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ABSTRACT OF THE THESIS
Role of ATF4 in Dietary Sulfur Amino Acid Restriction
by NICHOLAS MARGOLIES
Thesis Director:

Dr. Tracy G. Anthony

Dietary sulfur amino acid restriction (SAAR) increases food intake and energy
expenditure and improves body composition. Dietary SAAR activates the integrated
stress response (ISR), which orchestrates transcriptional changes through activating
transcription factor 4 (ATF4). Fibroblast growth factor 21 (FGF21) is a hepatokine and
ATF4 target which affects food and fluid intake, energy expenditure, and body
composition. To determine whether ATF4 is needed to increase food and fluid intake and
energy expenditure, improve body composition, and alter hepatic gene expression during
SAAR, male and female wild type (WT) and Atf4”- (KO) mice were maintained on a high
fat (60% fat by Kcal) control (0.86% Met, 0% Cys) or high fat SAAR (0.12% Met, 0%
Cys) diet for 5 weeks. SAAR increased hepatic Fgf21 and water intake independently of
ATF4 in males and females. In males, SAAR increased food intake and energy
expenditure independently of ATF4, while females showed no response. SAAR improved
body composition in WT males but not females and did not prevent increased adiposity in
male KO mice. ATF4 is required for protection from adiposity but not for increased food
and water intake, energy expenditure, or hepatic Fgf21 expression during SAAR. FGF21
does not work exclusively through an ATF4-FGF21 axis and may be driving ATF4-

independent responses to SAAR.
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CHAPTER 1: REVIEW OF LITERATURE

Introduction

Caloric restriction (CR) is an effective, but severe strategy to combat obesity and
associated health risks. Protein restriction (PR) recapitulates some beneficial effects of
caloric restriction, without reducing calories [1]. Notably, while CR reduces energy
expenditure [1, 2], ad lib feeding of PR in rodents increases both intake and energy
expenditure [3]. This reduces fat mass without wasting muscle. The protein leverage
hypothesis, which has also been extended to individual amino acids, explains these
effects as a series of compensatory events [4]. Hyperphagy is seen as an effort to achieve
sufficient protein intake while consuming a protein “diluted’ diet [5]. To offset increased
energy consumption, metabolism must then become less efficient. Deprivation of a single
amino acid, despite normal protein levels, is sufficient to trigger some effects of PR [6].
Moreover, both dietary methionine restriction (MR) and dietary leucine restriction (LR)
increase energy expenditure and weight loss without reducing food intake[7, 8], but
dietary MR reduces hepatic lipogenic gene expression while dietary LR does not. The
mechanisms which explain metabolic responses to loss of protein versus individual

amino acids remain to be fully understood.

Amino acid stress is sensed by general control nonderepressible 2 (GCN2), one in a
family of 4 kinases reactive to specific environmental stressors. These kinases converge
at the point of eukaryotic initiation factor 2 (elF2), phosphorylating it and triggering an
adaptive response called the integrated stress response (ISR). This response includes

increased translation of activating transcription factor 4 (ATF4). As a transcription factor,



ATF4 increases both its own transcription and that of targets such as fibroblast growth
factor 21 (FGF21), which alters food intake, energy expenditure, body composition and
hepatic gene expression. Despite the direct relationship between GCN2 activity and
ATF4 translation, GCN2 independent responses to dietary MR are reported [9, 10], and
loss of Gen2 versus Atf4 produces different effects in liver during asparagine depletion
[11]. In consideration of these findings, it is important to investigate the role of ATF4

during dietary amino acid insufficiency such as sulfur amino acid restriction (SAAR).

Sulfur Amino Acid Restriction is a unique amino acid stress

For over 25 years dietary MR has been studied using diets that are zero cysteine plus
methionine-reduced 80%-85% by dry weight [12]. This level of dietary MR causes
growth stunting in growing rats [13] but in mature rodents promotes leanness and
longevity. In fact, MR diets were first studied in regard to lifespan extension [12, 14],
then subsequently attracted attention for their ability to decrease fat mass without muscle
wasting despite increased food intake [9, 15]. Importantly, repletion of cysteine abolishes
all metabolic effects linked to increased insulin sensitivity and energy expenditure by MR
[6]. A zero methionine and very low cysteine (.0 g/100g diet) also induces similar effects
[16]. Thus, because the level of cysteine is important to the overall metabolic phenotype,
it is more appropriate to describe these diets as sulfur amino acid restriction (SAAR)

versus MR.

The importance of removing cysteine from the diet completely during SAAR [6] points

to nuances in one-carbon metabolism that may mediate certain benefits. SAAR through a



cysteine-devoid methionine-sufficient diet alters serum levels of other downstream
products of methionine, such as cystathionine, taurine, and homocysteine [17]. It is
interesting that SAAR is able to prevent the progression of hepatic steatosis [18] and that
dysregulated sulfur amino acid metabolism occurs during the progression of nonalcoholic
fatty liver disease (NAFLD) to steatosis[19]. It is possible that, in addition to triggering
metabolic responses similar to protein and caloric restriction, SAAR may have unique

effects by ameliorating dysregulated sulfur amino acid metabolism.

SAAR may also act uniquely through histone methylation and ornithine mediated
signaling [20]. In MC57 breast cancer cells and PC3 prostate cancer cells, methionine
restriction altered expression of many of the genes changed by methionine deprivation,
albeit more modestly [20]. Methionine deprivation created the most dramatic unique gene
signature of all the amino acids and reduced intracellular S-adenosyl-Methionine (SAM),
S-adenosyl-Homocysteine (SAH), and 5° Methylthioadenosine (MTA) [20]. SAM is a
universal donor for the methylation reaction that modifies DNA, histones, and other
proteins. Accordingly, methionine deprivation reduced the histone methylations

H3K4me2, H3K4me3, H3K9me2, and H3K9me3 [20].

SAAR has a broad range of positive health impacts, such as improving biomarkers of
oxidative stress [21] and reducing serum glucose, insulin [9] and IGF1 [9, 22]. Cataract
development is delayed [23]. Arrhythmogenic, hypertrophic, and cardiomyopathy
signaling pathways in the heart are downregulated [23], and SAAR mice have an

attenuated cardiac response to beta adrenergic stimulation [23]. Despite smaller skeletal



frames corresponding with their smaller body sizes, bones of SAAR mice have improved
intrinsic strength [24]. SAAR is able to confer the same level of protection from
acetaminophen induced liver damage as 60% caloric restriction [22], and prevents the
progression of hepatic steatosis in ob/ob mice [18]. SAAR is also involved in the benefits
of a ketogenic diet, as methionine supplementation reverses weight loss, reduces the
increase in energy expenditure, and normalizes changes in gene expression [25] which

result from a ketogenic diet.

Most notably in the context of obesity prevention, SAAR increases energy expenditure
[26] as well as heat increment of feeding. SAAR also reduces fat deposition both overall
[26] and in inguinal, epididymal, and reptroperitoneal fat pads specifically [9] and
provokes browning of white adipose tissue [26]. In adipose there is also increased
expression of fatty acid oxidation genes [18], decreased expression of lipogenic genes
such as SCD1 [18], and a more complete shift to fatty acid oxidation on a whole body

level [26]. Triglyceride content in serum [9] and liver [18] are also decreased.

Dietary restriction of leucine (LR) to a similar level as SAAR creates a similar whole-
body phenotype. Although leucine deprivation suppresses food intake, LR has been
shown to create a hyperphagic response resembling SAAR [7] or at least to have no
effect on intake [8]. Both LR and SAAR increase energy expenditure and reduce body
weight. However, SAAR has a greater effect on body composition and hepatic gene
expression [7, 8], so it is likely that specific amino acid sensing pathways exist in

addition to a more general pathway for all amino acid stress.



The Integrated Stress Response

The ISR integrates signals for multiple environmental stressors into a unified response. It
involves a family of kinases which act as initial stress sensors, a common
phosphorylation target upon which these kinases converge, and a change in mRNA
translation which directly and indirectly alters the activity of the cell. The stress sensors
of the ISR are 4 different elF2-kinases: PERK, which responds to ER stress; HRI, which
responds to heme deprivation in erythroid cells; PKR, which responds to viral infection;
and GCNZ2, which responds to amino acid stress [27]. Phosphorylation of elF2 by GCN2
during amino acid stress leads to increased translation of activating transcription factor 4

(ATF4), which then orchestrates an adaptive transcriptional response.

This cascade, in which GCN2 is the sensor, phosphorylated elF2 is the “core,” and ATF4
is the effector, is the canonical amino-acid-stress arm of the ISR [27] Because it is
phospho-elF2’s effects on translation initiation which truly enable the adaptive response,
and this translation control appears to occur sometimes without increased phospho-elF2
[28], I believe it is more appropriate to designate translational control itself as the core.
Further, because the targets of ATF4 are important in creating a whole-body phenotype
characteristic of amino acid stress, | believe it is important to include them in the scheme
of the ISR as “mediators”. Although the amino acid arm of the ISR was initially
delineated as a GCN2-elF2-ATF4 pathway, recent literature brings more complexities to
our understanding, which are discussed in later sections and shown visually in Illustration

1.



GCN2: an ISR “sensor”

In agreement with the sensor-core-effector understanding of the ISR, genetic deletion, or
knockout (KO) of Gen2 impairs adaptation to amino acid deprivation. Whole body
genetic deletion of Gen2 dramatically impairs the ability of mice to adapt to amino acid
deprivation. Gen2 KO mice deprived of leucine for 6 days experienced significant
mortality [29]. Those mice which did survive were able to defend normal levels of
protein synthesis in their livers, but at the expense of their skeletal muscle, a consequence
which wild type mice were able to avoid [29]. Furthermore, Gen2 KO mice on a leucine
free diet had increased liver triglycerides, and steatosis as detected by Oil Red O and
Hematoxylin and Eosin staining [30]. They also had increased serum free fatty acids,

rather than decreased as seen with wild type mice [30].

GCN2 is involved not only in adapting cellular activities to survive nutritional stress, but
in behavioral aversion to those diets which will not support life. Gen2 KO mice fail to
immediately reject diets lacking either leucine [31] or threonine [32], although hours and
days later they display a reactive anorexia similar to wild type mice [29, 33]. Consuming
insufficient diets can also be catastrophic to the next generation. Offspring of Gen2 KO
mice whose mothers were fed a leucine- tryptophan- or glycine-deficient diet during

gestation experienced significantly more mortality pre- and post-natally [34].



GCN2 is also necessary during amino acid deficiency. Mice lacking branched chain alpha
keto acid dehydrogenase kinase (Bdk KO) are deficient in leucine, isoleucine, and valine
[35, 36]. As shown by She et al[37] Bdk KO mice display neurological abnormalities as
well as activation of the ISR in brain. Bdk KO mice are muscle growth stunted, yet still
manage survive into adulthood [37]. Successful ISR activation may be what allows them
to reach maturity with only neurological abnormalities, rather than dying quickly. Mice
which are homozygous null for both Gen2 and Bdk cannot induce the ISR in response to
branched chain amino acid deficiency, and do not survive past postnatal day 15 due to a
block in myelin formation in the central nervous system resulting from the premature

death of developing oligodendrocytes [37].

GCN2 activation and elF2 phosphorylation, triggered by ribosome stalling, was also
found associated with a mutation which rescued mice in a model of neurodegeneration
[38]. Ishimura et al identified induction of ISR genes in this model and in models of
amyotrophic lateral sclerosis [39] and Alzheimer’s [40], suggesting the broad impact of

the ISR in maintaining brain health.

Translational Control: the ISR “core”

Upon registering reduced amino acid availability through GCN2 activation and
phosphorylation of its target, elF2, the ISR involves changes in mRNA translation which
alter cell activity directly and indirectly [27]. The selective translation of some transcripts

during reduced global translation, such as occurs during the ISR, is called translational



control (TC). There is a complex mechanism through which phosphorylated elF2
(phospho-elF2) represses the initiation phase of protein synthesis. However, it appears
translational control may also occur without elevated phospho-elF2 [28]. With this in
mind, although phospho-elF2 has previously been considered the “core” of the ISR [27],
I will assign this designation to translational control instead (Illustration 1). It is TC,
regardless of how it is achieved, upon which adaptive cellular responses hinge.
Repression of global translation conserves resources during times of amino acid scarcity,
and gene-specific translation during stress allows the translation of necessary regulatory

factors (such as ATF4) to trigger a homeostatic response appropriate to address it.

In the classical GCN2-activated sense, we have an excellent idea of how translational
control is initiated and, eventually, self-inhibited (one of ATF4’s main targets, growth
arrest DNA damage 34 (GADD34), reduces the phosphorylation of elF2). GCN2 senses
amino acid deprivation through binding of uncharged tRNA to a domain structurally
similar to histidinyl tRNA synthetase; this domain is not necessary for GCN2
dimerization, but interacts with the kinase domain and is critical for GCN2 function in
vivo [41]. Upon binding of uncharged tRNA, GCN2 dimerizes and phosphorylates the

alpha subunit of elF2 on serine residue 51 [42-47].

The events following elF2 phosphorylation which lead to translational control are well
reviewed [48]. elF2 is one of many elFs required to assemble a competent ribosome. The
effects of its phosphorylation may be best understood in comparison to its role when

functioning normally. Formation of a competent ribosome is a multi-step process



involving numerous factors. elF2 becomes part of a ternary complex including GTP and
Met-tRNA. This ternary complex then joins other elFs — elF3, elF1, elF1A, and elF5 —in
binding the 40S ribosomal subunit. What is formed is not yet a competent ribosome, but
only a precursor known as the 43S preinitiation complex (PIC). The 43S PIC must
acquire other protein factors, such as the elF4 complex, to mature into a 48S PIC. Finally,
it is this 48S PIC which scans mMRNA in the 5’ to 3’ direction. Normally, elF2 plays a
critical role in the recognition of a start codon by the 48S PIC. At that codon, elF2-
associated GTP is hydrolyzed, and the anticodon loop of the initiator methionyl tRNA
base pairs with the initiation codon in the P site of the 40S subunit. Recognition of the
start codon is the last hurdle to translation. Thanks in part to the role played by elF2, 40S
and 60S subunits assemble into a competent 80S ribosome ready for translation

elongation.

In order for translation to continue, the GDP hydrolyzed during recognition of the start
codon must be exchanged for GTP. Under normal conditions, this exchange proceeds
without difficulty and is catalyzed by the tetrameric guanine nucleotide exchange factor
(GEF) known as elF2B. The GDP to be exchanged is bound to elF2. During stress, the
phosphorylated serine residue on elF2’s alpha subunit interacts with the regulatory
subcomplex of elF2B, competitively inhibiting its GEF activity. Some GDP-to-GTP
exchange does occur, but it takes longer, and this dramatically shifts the profile of which

MRNASs are translated.
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Translation of most mMRNAs is reduced by translational control, because GTP must be
available for hydrolysis the moment would-be ribosomes encounter a start codon. When
elF2 is phosphorylated, or under any other condition which reduces guanine nucleotide
exchange, the 48S PIC scans past the start codon; the initiator methionyl tRNA never
base pairs; it misses its chance. In the case of preferentially-translated mMRNAS, such as
Atf4, this missed start codon is not the end but the beginning. Atf4’s 5’ leader structure
contains additional start codons. There are two open reading frames upstream of the Atf4
coding sequence, known as UORFs (upstream Open Reading Frame). The first, UORF1, is
relatively benign regarding Atf4 translation, as a short (3 residue), positive cis acting
element. UORF1 merely encourages re-initiation at uUORF2, but uORF2 — at a much
longer 59 residues — overlaps out of frame with the primary Atf4 coding region.
Translation of UORF2 means the start codon of Atf4 is never seen by the 48S PIC, and
ATF4 is never made. During stressed conditions, translation initiation is delayed,

scanning ribosomes bypass UORF2’s start codon, and Atf4 is translated instead.

ATF4: the ISR “effector”

ATF4 is a member of the ATF family of DNA binding proteins, which has a basic
leucine zipper region. It is also known as cyclic AMP response element (CRE) binding
protein 2 (CREB2), and ATF and CREB proteins were identified separately but found to
be the same. ATF4 forms dimers with other basic leucine zipper (bZIP) transcription

factors, such as CCAAT enhancer binding proteins (C/EBP). ATF4 functions as a
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transcription factor, which increases expression of multiple genes to maintain
homeostasis and avoid apoptosis during stress. The cis sequence elements bound by
ATF4 are called C/EBP-ATF4 response elements, or CAREs. However, due to ATF4’s
role in amino acid stress, the CARE response element is also known as the amino acid

response element (AARE).

Classic CARE-containing genes encode amino acid transporters and genes involved in
amino acid synthesis, which directly impact homeostasis during amino acid stress. Not all
genes that contain CARE/AARE regulate protein homeostasis, however. ATF4 also
regulates genes involved in hepatic cholesterol metabolism, and ER stress in mice [11].
Another CARE/AARE gene is FGF21, a nutritionally regulated hepatokine, which itself
can initiate adaptive behavioral and metabolic outcomes to low protein diet and amino

acid stress [49-51].

Without ATF4, other stress response pathways are unable to resolve the demands placed
on the cell, negatively affecting survival. For example, despite a massive change in gene
expression in mice lacking Atf4 (1,155 genes vs 195 in livers of asparagine depleted Atf4
KO vs WT mice), adaptation to the amino acid depletion agent asparaginase is not
possible and apoptosis results [52]. Staining of asparagine depleted wild type livers for
fragmented DNA showed less than 20 positively staining cells per section, compared to
none in the control, indicating good survival. In contrast, staining of asparagine depleted
Atf4 KO livers showed massive DNA fragmentation, with over 250 positively staining

cells per section as compared to about 60 in the control, indicating significantly increased
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cell death [52]. This suggests that ATF4’s activities as a transcription factor are important

in helping the liver adapt to stress.

To monitor the ISR in vivo, lwawaki et al created a mouse model transduced with a
construct containing Atf4 upstream open reading frames (UORFs) and a luciferase
encoding region, called uORF-mediated ATF4 indicator (UMAI) [53]. In this model,
translation of luciferase is driven by initiation at the same initiation codon as full length
ATF4. High luminescence indicates translational upregulation of ATF4 during the ISR.
Because ATF4 is also regulated at the transcriptional level and through
ubiquitin/proteasome degradation, the UORF-mediated ATF4 indicator (UMALI) construct

is an ideal way to assess ISR-specific translational control of ATF4.

With this model, Iwawaki et al showed whole body luminescence in male and female 12
week old mice in response to leucine-devoid diets, tunicamycin-induced ER stress,
poly(1)poly(C) nucleotide which mimics viral stress, and sodium arsenite which induces
oxidative stress. Luminescence and ATF4 protein levels correlated with phosphorylated
elF2 [53]. Mouse embryonic fibroblasts (MEFs) in a leucine-free medium supplemented
with various levels of leucine (from .01 up to .8 mM) showed reduced luciferase activity
in a dose-dependent manner. MEFs transferred from normal to leucine-free medium
showed steadily increasing luciferase activity over time (1, 2, 4, 6, 8 h), and MEFs
transferred from leucine-free to normal medium showed steadily decreasing luciferase

activity [53].
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Notably, in a comparison of the luminescence in ex vivo liver, kidney, pancreas, spleen,
heart, lung, muscle, and brain, leucine deprivation differed from control only in liver
[53]. The increase in luminescence during leucine deprivation denotes translation of the
Atf4 gene during stress, and tissue specific differences in luminescence indicate differing
levels of activity of the ISR. The increase in hepatic luminescence suggests that the liver
launches an intensive ISR during amino acid stress, which is not seen in other tissues.
Although ATF4 is expressed in many other tissues, its hepatic induction may be the most

important to investigate.

These findings correspond well with the published literature, where many effects of
amino acid deprivation or restriction in the liver have been noted. Hepatic effects include
reduced protein synthesis [29]; reduced triglyceride content [18, 29]; increased
expression of Fgf21 [11]; and protection from pharmacological [22] and diet induced [29]
steatosis. Hepatic ATF4, specifically, is necessary for increased serum FGF21 and
phenotypic effects [11] and the effects of asparagine deprivation in liver differ from those
in MEFS [11]. The number and variety of hepatic effects, and the observation of tissue-
specific differences in response to SAAR, provide evidence along with the UMAI model
that not only is translation of ATF4 a hallmark of the ISR, but its effects in the liver may

be needed for many outcomes.

FGF21: an ISR “mediator”
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Many physiological outcomes of protein and amino acid deprivation and restriction
appear mediated through the ATF4 target Fibroblast Growth Hormone 21 (FGF21).
FGF21 is a nutritionally regulated hepatokine, and its elevation during SAAR
corresponds with effects on food intake, energy expenditure, hepatic lipid metabolism,
and body composition [50]. ATF4 increases hepatic gene expression of Fgf21 during
amino acid stress [49]. It is presupposed that improvements in body composition and
energy expenditure, without decreased food intake, may result from the ISR in part

through an ATF4-FGF21 axis.

FGF21 is a member of the endocrine subfamily of FGFs which includes FGF19 and
FGF23. These particular FGFs are unique in that they bind heparin poorly, unlike other
FGFs, and act as classical endocrine hormones (an action which requires the presence of
Beta-Klotho protein and Klotho co-receptor in their target tissues) [54, 55]. Although
primarily a hepatokine, FGF21 is expressed to lesser extents in muscle and adipose

tissue, as well as the gut, brain, heart, and pancreas.

As an ATF4 target gene, it has two AARE/CAREs, starting at positions -152 and -610
upstream of the transcription start site [49]. Both cis-elements bind ATF4, and the first is
essential for Fgf21 induction [49]. In addition to total amino acid deprivation [49],
enhanced recruitment of ATF4 and RNA polymerase 11 to the Fgf21 promoter has been
seen in the case of single amino acid deprivation, such as alanine [56]. FGF21 can also be
induced through the binding of the transcription factor X box binding protein (XBP1) to

an ER stress response element (ERSE) [57]. This suggests a possible route for ATF4-
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independent elevation of FGF21, but other investigators have found elevated FGF21
during ER stress to be ATF4 dependent [58], and siRNA-mediated interference of Atf4
during amino acid stress significantly diminishes the increase in Fgf21 mRNA levels in
HepG2 cells [49]. In addition to CARE and ERSE, the Fgf21 promoter also has response
elements for carbohydrates, peroxisome proliferator-activated receptors (PPARS), and

glucagon [59].

There has been some confusion in the literature as to what conditions elevated FGF21
represents. Initial investigations found FGF21 to be elevated, paradoxically, by both
overfeeding and fasting [59]. It has been hypothesized that high fat contributes to
increases in FGF21 during a ketogenic diet [60]; in contradiction to that hypothesis,
FGF21 also increases during starvation [61]. A geometric framework of 25 different
diets, comprising various manipulations of macronutrients and energy, clarified FGF21’s

role as a signal of protein restriction (PR) [62].

Although FGF21 is elevated during both conditions of overfeeding and starvation, amino
acid restriction within these disparate nutritional contexts seems to be the true trigger of
increased FGF21. This aligns with Fgf21’s status as a target of ATF4, which is translated
during conditions of amino acid stress, including SAAR. Protein restriction is the only
condition to increase serum FGF21 consistently regardless of other macronutrient levels
[62]. Reduced protein intake positively correlates with increased serum FGF21, unlike fat
or energy, which show no association [62]. A smaller reduction in protein is also able to

evoke greater responses in FGF21 when coupled to higher carbohydrate, synergism
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which is not seen for other macronutrients [62]. Restricting protein is also more effective
than restricting calories at increasing hepatic FGF21 expression and serum levels (with
no increase in expression in white epidydimal adipose tissue or muscle) within 4 days in
rats [63]. In fact, CR alone reduced serum FGF21 levels, and combined PR and CR
resulted in FGF21 levels greater than control but less than PR alone [62]. FGF21 was also
increased more by leucine deprivation, rather than starvation, in HepG2 cells [62].
Although protein restriction is often an in-built effect of cutting calories, experimental
designs which isolate their effects show that FGF21 responds sensitively to fluctuations

in amino acid availability.

As a nutritionally regulated hormone, FGF21 exerts effects on a whole-body level,
particularly through altering metabolism, with positive effects not unlike PR and SAAR
on health and in many disease states [64-67]. In fact, FGF21was first identified not
through a nutritional study but by a pharmaceutical screen. This marked it as a ‘metabolic
regulator’; its administration for two weeks in a model of diet induced obesity led to a 6%
reduction in adiposity without decreased food intake [68]. Energy expenditure was
significantly increased during both dark and light periods, as well as core body
temperature. These effects of exogenous administration are seen not only in genetic [68]
but also in dietary [69] models of obesity. Correlations between FGF21 levels and
improved body composition and increased energy expenditure were also observed in a
genetic model of alanine depletion [56]. FGF21 administration was further found to

attenuate hepatic fibrogenesis [70] and reverse steatosis [69]. These findings provide a
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foundation for the hypothesis that effects of ATF4 and the ISR during amino acid stress

are mediated through FGF21.

Because many studies of FGF21 use models of exogenous pharmacological
administration, it is important to confirm whether physiological changes in FGF21 levels
which occur in vivo are sufficient. To address this point, Wanders et al examined FGF21
levels during SAAR in wild type and Fgf21 KO mice [51]. Their use of the Fgf21 KO
mouse model provides additional insight to the literature investigating exogenous

administration or correlated changes in serum levels.

The findings of Fgf21 KO studies are consistent with exogenous administration, in that
changes in food intake and energy expenditure are regulated in response to diet by
physiological changes in serum FGF21. Not only did Fgf21 KO prevent the SAAR-
induced hyperphagy seen in WT mice, but it reduced food consumption basally [51].
Wild type mice showed a significant increase in energy expenditure by day 6 of a SAAR
diet compared to control, which remained at 8 weeks [51]. Fgf21 KO mice did not

increase energy expenditure at any point [51].

Fgf21 KO studies also reveal FGF21 independent responses to SAAR. After 4 weeks of a
high fat diet, 4 weeks of SAAR reversed body weight gain and fat accumulation in both
wild type and Fgf21 KO mice [51]. Changes in hepatic gene expression during SAAR
were seen in Fgf21 KO mice in the same direction but at lesser magnitudes. SAAR

decreased hepatic Scdl expression in both wild type and Fgf21 KO mice, but the decrease
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was less in Fgf21 KO than in wild type mice [51]. Compared to control, SAAR induced
significantly less expression of several Nrf2 targets in Fgf21 KO mice than wild type
(Gsta2, Mgst3, Psatl) with one exception, Ngol, induced more during SAAR in Fgf21
KO [51]. Asns, another ATF4 target gene, was induced by SAAR in both genotypes
although to a lesser extent in Fgf21 KO [51]. Oppositely, ATF4 target gene VIdr was

induced more by SAAR in Fgf21 KO mice than in wild type [51].

These findings suggest that FGF21 is needed for SAAR-induced alterations in energy
intake and expenditure, as well as for the full extent of characteristic changes in gene
expression. They point to a disconnection between FGF21 and changes in body
composition which merits closer inspection. FGF21 drives mice to eat more, and to
expend more energy while doing so, but the improvement in body composition seen after
SAAR in Fgf21 KO mice shows that FGF21 is not required for this effect. It also shows
that improvement in body composition is not only the result of increased energy
expenditure, as increased energy expenditure did not occur in Fgf21 KO mice. These
findings both clarify our understanding and add complexity to our view of FGF21’s role

in SAAR and highlight the need for further study.

Does the ISR sense and respond to SAAR?

Although ATF4 synthesis during amino acid stress results from elF2 phosphorylation by

GCN2 [27], there is also evidence that ATF4 translation may be initiated regardless of

Gcen2 status [28, 71, 72], and of phenotypic changes during SAAR that are GCN2
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independent [10, 52]. Further, some changes in gene expression during ER stress, which
is included under the umbrella of stresses sensed by the ISR, are ATF4 independent [11]
and the effect of ATF4 on metabolism contradicts expectations [73-76]. These data
collectively challenge the concept that SAAR is necessarily sensed by and responded to
via the pathway traditionally known as the ISR. It may be that a modification to the
schema is required, or that an entirely new one must be drawn. Depicting all
relationships that have emerged from the recent literature leads to a branching web more
than a linear response. Only GCN2-independent TC is added to the ISR in Illustration 1,

but the details of more recent investigations are discussed below.

SAAR does not rely solely on GCN2 for recognition. In both Gen2 KO and wild type
mice fed SAAR, phosphorylation of hepatic elF2 was increased four- to five-fold at 6
days and 14 weeks [71]. However, Gen2 KO and wild type mice showed changes in
hepatic gene expression characteristic of NRF2, which is activated by GCN2’s sister
enzyme PERK [71]. Importantly, there were no changes in genetic markers of ER stress,
which PERK is canonically a sensor of as part of the ISR [71]. This raises the possibility
of crossover among the kinase “sensors” of the ISR. Yet kinase crossover cannot explain
all instances of anomalous Atf4 expression. Atf4 expression was also GCN2 independent
during methionine deprivation (MD) in MEFs, although expression was much lower in
cells lacking Gen2 [72]. Ruling out the possibility of PERK rescuing elF2
phosphorylation, MEFs with non-phosphorylable elF2 increased Atf4 expression during
MD [72]. The level of Atf4 expression was admittedly lower than that seen in wild type

MEFs, and it was also triggered by deprivation of methionine and not of leucine [72].



20

Overall, these data suggest that ATF4 is translated to some extent and in some conditions

independently of the GCN2-elF2 axis.

SAAR does not rely solely on phosphorylation of elF2 to effect translation control. Pettit
et al [28] found increased elF2 phosphorylation in wild type, but not Gen2 KO, mice
following 5 weeks of SAAR; but that despite the GCN2-dependence of elF2
phosphorylation, Gen2 KO mice were still responsive to SAAR in several measures.
Activity of EIF2B, the guanine exchange factor critical for ‘refreshing’ the competent
translational complex, decreased, suggesting translational control was in effect [28].
Expression of ISR related genes was increased [28]. In accordance with an active ISR,
which reduces global translation to conserve cellular resources, the protein synthetic rate
(as measured using deuterium enrichment of alanine into tissue proteins) was reduced in
cytosolic and mixed but not mitochondrial fractions in liver and skeletal muscle [28].
This corroborates the phospho-elF2 independent increase in ATF4 seen in Gen2 KO
MEFs [72], and again suggests an alternative to the canonical sensor-core-effector

relationship of the ISR.

SAAR does still seem to require ATF4. Laeger et al described a GCN2-independent
pathway for PR with a delayed increase in ATF4 and FGF21 [10]. Loss of GCN2
impaired the acute response to PR, with no change in fat or lean mass or hepatic gene
expression within 2 weeks [10]. The increase in serum FGF21 in Gen2 KO mice was also
significantly less than that in wild type mice fed PR diet [10]. However, by 3 weeks PR

Gcen2 KO mice were gaining significantly less weight than their controls, and by 11
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weeks their energy expenditure was increased [10]. The increase in circulating FGF21 at
27 weeks in PR Gen2 KO mice was significantly greater than at 2 weeks, as well as
binding of ATF4 to the Fgf21 promoter [10]. PR Fgf21 KO mice were not different from
their controls at any time [10]. These results show that ATF4 drives FGF21 expression
during amino acid stress, and this FGF21 expression is required for changes in body
composition, energy expenditure, and hepatic gene expression. While driven by GCN2
acutely, some compensatory mechanism steps up to increase ATF4 and FGF21 during

chronic amino acid stress.

An independent role for ATF4 is supported by global RNA sequencing data from our lab
investigating livers of amino acid depleted (asparaginase treated) wild type Gen2 KO and
Atf4 KO mice [52]. We found overlapping pathways between GCN2 and ATF4, as well
as GCN2-independent pathways regulated by ATF4 [52]. Seen only in Gen2 KO were
alterations in p38 MAPK signaling, steroid hormone biosynthesis, growth arrest, and
DNA damage pathways [52]. Seen only in Atf4 KO were changes in cytochrome p450
mediated processes and oxidative phosphorylation pathways [52]. These findings show

that not all effects of ATF4 rely on GCN2.

The portrayal of an ISR which requires ATF4 is complicated by the literature. Despite its
clear importance during stress, surprisingly ATF4-independent responses are reported.
ATF4-independent CCAAT-enhancer-binding protein homologous protein (CHOP)
MRNA expression is seen in ER stressed Hepal-6 cells, as well as full induction of

CHOP protein [11]. This was driven by ATF6, expression of which was also ATF4-
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independent [11]. Not all ISR outcomes depend on ATF4, but some outcomes may.
FGF21 remained ATF4 dependent, and knocking out Atf4 only in the liver was sufficient

to reduce the increase in FGF21 during ER stress [11].

Studies done with Atf4 KO mice report perplexing metabolic changes. Because ATF4
increases FGF21, which is required for increased energy expenditure during PR [10], it is
surprising that Atf4 KO mice show a hypermetabolic phenotype basally[73] and during
cold stress [74]. Atf4 KO in agouti-related protein AgRP [75] and pro-opiomelanocortin
(POMC) [76] neurons was also reported to increase energy expenditure basally [75, 76].
Whether such increases in energy expenditure were associated with FGF21 was not
examined, although changes in lipid metabolism in adipose tissues [73] which resemble
effects of FGF21 during amino acid starvation [77] were observed. What role ATF4 plays
in SAAR’s hypermetabolic phenotype, and whether it indicates an uncoupling of ATF4

and FGF21, remains uncertain.

Considering the ATF4-independent induction of ER stress response genes [11], the
ATF4-dependent but GCN2-independent changes in gene expression during asparaginase
treatment [52], and GCN2-independent but FGF21-dependent responses to SAAR [10],
more work characterizing the role of ATF4 during SAAR remains to be done. ATF4 may
be essential for certain responses to SAAR, albeit not via GCN2 [28]. Relatively acute
changes in food intake, body composition, energy expenditure, hepatic gene expression,
and FGF21 may require ATF4. At the same time, there is the possibility that some of

these effects are mediated by other, ATF4-independent translation factors, as seen with
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CHOP induction by ATF6 during ER stress [11]. To address whether ATF4 is necessary
for increased or maintained food intake, improved body composition, increased energy
expenditure, and changes in hepatic gene expression and FGF21 in response to SAAR,

we investigated the effect of Atf4 KO in mice.

The hypothesis of this work is that ATF4 is required for changes in feeding behavior,
energy expenditure, body composition and hepatic gene expression during SAAR; and
that hepatic expression of Fgf21 is both ATF4 dependent and associated with phenotypic

effects.

It is expected that a high fat SAAR diet for 5 weeks will increase food and fluid intake
and energy expenditure in wild type mice, improve their body composition, and lead to
increased expression of Atf4 as well as ATF4 targets in the liver, most notably Fgf21.
Loss of Atf4 should prevent these effects, such that a high fat SAAR diet for 5 weeks will
not increase food intake or energy expenditure, improve body composition, or lead to
increased expression of ATF4 targets in liver such as Fgf21. Levels of hepatic Fgf21
expression will be related to changes in food and fluid intake, energy expenditure, and

body composition.

The specific aims of this work are
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e To determine whether ATF4 is needed to increase food and fluid intake and
energy expenditure, improve body composition, and alter hepatic gene expression

during SAAR

e To determine whether elevated Fgf21 during SAAR is ATF4-dependent and
related to SAAR-induced increases in food and fluid intake and energy

expenditure, and improvements in body composition
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Illustration 1. Representation of the ISR during SAAR. Accumulation of uncharged tRNAs
during dietary SAAR activates GCN2, leading to translational control via phosphorylation
of elF2. In addition to GCNZ2 activity, PERK is able to increase elF2 phosphorylation
during SAAR. Phosphorylation of elF2, the core mechanism of this pathway, favors gene-
specific translation of ATF4. ATF4 is an effector of the ISR, and functions as a
transcription factor promoting adaptive gene expression. ATF4 transcriptional targets, such
as Fgf21, mediate physiological and behavioral changes which result in a whole-body
phenotype.
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Chapter 2: The effect of Atf4 in Dietary Sulfur Amino Acid Restriction

Introduction

Caloric and protein restriction improve body composition, which is an important aspect
of preventing degenerative disease. Reduced percentage of body fat is accomplished
despite increased caloric intake — not less — in the case of protein restriction [1, 3].
Altering protein composition at the level of individual amino acids offers the same
benefit, with restriction of sulfur amino acids creating a whole-body phenotype
characterized by increased food intake, increased energy expenditure, and reduced
adiposity as well as numerous health benefits [9, 12, 14-16, 18, 22-24, 26, 50]. It is
unclear to what extent the mechanisms sensing protein restriction are involved in sensing
SAAR. Among the mechanisms identified, the ISR may contribute importantly based on
its activation by amino acid stress [27, 29-32, 34, 37]. Activation of the ISR promotes
selective translation of ATF4 to initiate adaptive gene expression during a variety of
stresses including amino acid deficiency [11, 48, 49, 52, 53]. One notable ATF4 target,
FGF21, is necessary for SAAR’s effects [51] and by itself is sufficient to increase food
intake and energy expenditure while reducing body fat when exogenously administered
[68, 69]. Recently, both low protein diets and exogenous FGF21 administration have
been shown to increase water consumption [78]. To determine whether Atf4 is necessary
for SAAR to increase food and water intake, energy expenditure, and reduce adiposity,
male and female mice were treated for 5 weeks with a high fat SAAR or high fat control

diet.
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Methods

Animal protocol:

All animal procedures and protocols were reviewed and approved by the Rutgers
University Institutional Animal Care and Use Committee. Mice were located in the
Bartlett Animal Facility on Cook Campus and maintained on a 12 hour light-dark cycle at
24 degrees Celsius, with 40% daily average humidity. Before assignment to experimental
diets, mice were provided unlimited access to commercial chow (LabDietRodent 5001)
and tap water. All mice were housed in solid-bottomed clear plastic cages with soft

bedding and were provided environmental enrichment.

C57BL/6J Atf4”- (Jackson Labs) were bred at the Bartlett Animal Facility, with Atf4*/*
littermates kept as wild type controls. C57BL/6J Atf4”- bred poorly; so in an effort to
improve reproduction, male C57BL/6J Atf4”* were outbred one generation to female

Swiss Webster mice. Progeny from F1 and F2 generations were included in the study.

Diets and experimental design:

Atf4*"* wild type (WT) and Atf4”- knock out (KO) mice were single housed into clear,
solid-bottomed plastic cages with soft bedding and were provided environmental
enrichment. At 18-20 weeks of age, WT and KO mice were placed on a high fat (60% fat
by kcal) zero cysteine control diet (CON). Mice were acclimated to CON for one week
and then randomly assigned by weight to either remain on CON (Female Atf4+* n=3,

Atf4”- n=5; male Atf4** n=4, Atf4”- n=3), or switch to a high fat SAAR (.12% Met, 0%
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Cys) diet (Female Atf4*'* n=7, Atf47- n=7; male Atf4*'* n=11, Atf4’- n=5). Both diets
were isocaloric (5.3 kcal/g) and isonitrogenous, as previously described by Pettit et al

[28]. Experimental feeding period was 5 weeks.

Body weight and food intake were measured daily throughout the study, and body
composition was assessed weekly using MRI (EchoMRI). At the end of 5 weeks, mice
were monitored in a Comprehensive Lab Animal Monitoring System (CLAMS,
Columbus Instruments) for 2-5 days. Several days after metabolic phenotyping, mice
were euthanized by guillotine decapitation. Trunk blood was collected from the neck and
allowed to clot on ice before centrifuging at 2,000 rcf for 15 minutes to collect serum.
Liver, kidney, gonadal and subcutaneous fat, gastrocnemius and soleus muscle, heart,
spleen and brain were dissected on ice and then weighed, foil-wrapped and flash frozen

in liquid nitrogen before storage in a -80°C freezer.

MRI:

Lean calibration was performed at the time of manufacture using chicken breast 35, and
fat calibration was performed before each scan using canola oil. Mice were secured in
clear acrylic tubes just tightly enough to prevent turning around. Accumulation was set to
3, and mice were scanned until at least two fat readings were within 0.2 grams of each

other.

Metabolic phenotyping:
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Measurements were taken every 4-12 minutes per cage. O2 consumption (VO2) and CO2
production (VCO2) were determined; RER was calculated for each mouse as the ratio of

VCO2/ VOs..

The instrument’s “Internal” method (Oxymax Hardware Manual 0233-002M, p 31)
reports whole-body energy expenditure by multiplying VO2 with a calorific value (CV)
derived from observed RER: CV = 3.815 + 1.232 * RER ; whole body energy
expenditure = CV * VO2. This was normalized using lean mass obtained by MRI at the

start of metabolic phenotyping”®.

Because time between gas exchange measurements varied between cohorts, calculated
energy expenditures from output containing more frequent measurements (up to every 4
minutes) were averaged, aligning them with output containing less frequent
measurements (once every 12 minutes). Aligned data was used to create group averages
at each time point for visualization of diurnal patterns. To improve readability, the
smooth.spline function in R was used to fit a cubic smoothing spline to time series data.
This created a flexible and nonlinear model which followed the original data closely but

reduced some of the noise.

Gene Expression:
RNA isolation: Tissues were pulverized by liquid-N2-cooled mortar and pestle and 0.01 g

of each sample was homogenized in 1 mL of TRIzol (Molecular Research Center) with a
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Polytron. Homogenized samples were vortexed with 100 uLL bromoanisole for phase
separation and centrifuged for 15 min at 12,000 relative centrifugal force (rcf). 500 puL of
supernatant was collected and precipitated overnight at -20° C with equal volume
isopropanol and then centrifuged 20 min at 12,000 rcf to pellet. Pellets were washed 3
times by addition of 1 mL 70% ethanol and 5 minutes centrifugation at 7500 rcf. RNA
stock was created by resuspending the pellet in 30 puL of nuclease free water (NFW), and
a working solution was created by pipetting 1.5 uL. RNA stock into 99 uL. NFW, and

both stored at -80° C.

RNA quality and concentration were assessed using a Nanodrop fluorospectrometer
(Thermo Fischer Scientific). Clear, strong absorbance peaks at 260 nm, minimal or no
shoulder at 230 nm, and 260:280 absorbance ratios of 1.8-2 were considered acceptable.

Concentration measurements were used to dilute 1 pg RNA into 10 uL NFW.

cDNA synthesis: cDNA was synthesized with a high capacity cDNA reverse

transcriptase kit (Life Technologies), using 1 pg of RNA per reaction.

Reverse-Transcription quantitative PCR (RTqPCR): RTgPCR was conducted using
TagMan Fast Universal PCR Mastermix (Applied Biosystems) according to manufacturer
instructions, with cDNA diluted 1:20. Primers were validated using serial dilutions of
cDNA made from a pooled RNA sample. Threshold cycle (Ct) was plotted against

sample concentration, and R2 > .98 was considered acceptable.
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Amplification and detection were carried out in a StepOne real-time PCR system
(Applied Biosystems). Each sample was run in triplicate, and each 96-well plate included

one water blank, one no-template and one no-reverse transcriptase control.

Gene expression: GAPDH was used as a housekeeping gene. Cts were not different
between groups, confirming that GAPDH expression was not altered by treatment. ACtS
were calculated as Ct GAPDH - Ct Gene of Interest (GOI) for each animal. AACTS were
calculated as [average ACt of WT CON group] — ACt of each animal. Relative mRNA
quantity (RQ) was calculated as 24T for each animal. All RQ values were divided by
the average RQ of the WT CON group for presentation with the control group average =

1. Statistical analysis was performed on log transformed data.

Statistical Analysis:

Data are presented with group means +/- SD. Approximately normal distribution was
confirmed by the Shapiro-Wilkes test, and homogeneity of variances by Levene’s test.
The null hypothesis of equal group means was tested using an analysis of variance
(ANOVA). A significant effect was considered p <0.05, and in the case of interaction
effects, post-hoc analysis was performed using Tukey’s Honestly Significant Differences
(HSD) test to control for multiple comparisons. Computations were performed with
STATISTICA. Graphs were created using Prism version 6 (GraphPad Software) and the

DescTools package for R.
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Results

Body weight:

At two weeks of treatment following one week of acclimation (week 3 in Figure 1), there
was a main effect of diet by which SAAR reduced BW, despite the diet containing 60%
fat by kcal. By the second week of treatment, average BW in WT CON mice remained
level but the average BW of WT SAAR mice decreased visibly, with a much smaller
decrease visible in KO SAAR mice. At three weeks of treatment (week 4 in figure 1) a
significant strain-diet interaction appeared which remained for the rest of the study. WT
CON mice had significantly greater BW than all other groups, including WT SAAR, KO
CON and KO SAAR. WT SAAR mice had significantly greater BW than KO mice,
including KO CON and KO SAAR. There was no significant difference between KO
CON and KO SAAR (Figure 1). SAAR was effective in reducing BW in WT mice, but

not in KO mice.

Food intake:

Daily food intake per gram body weight in WT SAAR and KO SAAR females appeared
visibly higher after just one week of treatment (week 2 in Figure 2, Females), but this
difference was not statistically significant. The gap between WT SAAR and WT CON
females remained consistent during the 5 week treatment period, while the gap between
KO SAAR and KO CON females was not consistent due to fluctuations in KO SAAR

intake.
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Food intake per gram body weight in KO females was generally higher than in WT
females, and this difference was confirmed as a main effect of strain in treatment weeks
one, three and four (weeks 2, 4 and 5 in Figure 1, Females). In the final, fifth week of the
study, a strain-diet interaction appeared, but post hoc comparisons were not significant

(week 6 in Figure 2, Females).

Daily food intake per gram body weight in WT SAAR males appeared visibly higher
after one week of treatment (week 2 Figure 2, Males). Intake in KO CON and KO SAAR
males fluctuated over the 5 week treatment period. After one week of treatment, WT
SAAR, KO CON and KO SAAR males had similar average food intakes. After two
weeks of treatment, average food intake in KO SAAR was numerically highest, followed
by WT SAAR, with lowest average food intake in KO CON and WT CON. The
relationship between KO CON and KO SAAR was reversed at three weeks of treatment,
with WT SAAR and KO CON having numerically higher average food intake than WT
CON and KO SAAR. At four weeks of treatment, although WT SAAR intake was similar
to the previous three weeks and numerically higher than WT CON, the average food
intakes of KO CON and KO SAAR mice were both indistinguishable and intermediate
between WT SAAR and WT CON. There was a trending effect of diet p<.1 with SAAR
> CON during the third and fourth weeks of treatment (weeks 4 and 5, Figure 2, Males).
At five weeks of treatment (week 6 Figure 2, Males) there was a significant main effect

of diet, with SAAR > CON.
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Examination of the individual values of daily food intake per gram body weight in female
mice during the final, fifth week of treatment shows that food intake was higher in almost
all WT SAAR females than in WT CON females, but by a relatively small amount of less
than five-tenths of a gram of food per gram BW (Figure 3, Females). This difference was
not statistically significant. The distribution of food intakes in KO CON and KO SAAR
mice appeared very similar to each other and to WT SAAR. The only effect by two-way
ANOVA in females was a trending effect of strain p<.1, with KO > WT (Figure 3,

Females).

Examination of individual values of daily food intake per gram body weight in male mice
during the final, fifth week of treatment shows that food intake was higher in almost all
WT SAAR males than in WT CON males, often by more than five-tenths of a gram food
per gram BW (Figure 3, Males). The distribution of food intakes in KO CON and KO
SAAR were similar to each other, with one value of food intake in KO SAAR appearing
higher than the cluster of values in KO CON (Figure 3, Males). There was a main effect
of diet in males p<.05, indicating that SAAR significantly increased daily weight-specific

food intake in both WT and KO male mice, although not in females.

Body composition:

Percent body fat after one week of acclimation to CON and percent body fat after 5

weeks of treatment in mice of a Swiss Webster background were compared in each group
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using two-tailed, paired T-Tests (Figure 4 and Table 1). Over the 5 week treatment
period, adiposity significantly increased in WT CON, KO CON and KO SAAR males
and females p<.05 (Figure 4 and Table 1). Despite consuming a high fat, 60% fat by kcal
diet for 5 weeks, percent body fat was not significantly different in WT SAAR (Figure 4
and Table 1). Examining paired data shows that of all WT SAAR males and females,
n=13, only one showed an upward trend in adiposity (Figure 4). In comparison, paired
data for KO SAAR, n=9, showed several strong upward trajectories (Figure 4). SAAR is
able to effectively protect WT mice from increased adiposity on a high fat diet, but it is

not able to protect KO (Figure 4 and Table 1).

Change in percent body fat over the 5 week treatment period was compared between
groups and sexes (Figure 5). In females, all groups had positive average changes in
adiposity (Figure 5, Females). In males, WT CON, KO CON and KO SAAR had positive
average changes in adiposity while WT SAAR had a negative change in adiposity (Figure
5, Males). MANOVA of change in percent body fat with sex, strain and diet as factors
showed a significant sex-strain-diet interaction. Change in adiposity in WT SAAR males
was significantly lower than WT CON males p<.001 and all females p<.01 (Figure 5).
There was no difference between female WT CON, WT SAAR, KO CON or KO SAAR,

male KO CON and male KO SAAR (Figure 5).

Water intake and energy expenditure:



36

After 5 weeks of treatment mice were metabolically phenotyped in a Comprehensive Lab
Animal Monitoring system, which included measurements of water intake (Figure 6).
Water intake per gram BW, summed over 48 hours, in WT SAAR males and females
clustered clearly above WT CON (Figure 6). WT CON, KO CON and KO SAAR water
intakes clustered closely together, with several KO SAAR intakes slightly higher than
KO CON (Figure 6). Two way ANOVA revealed a main effect of diet p<.05, showing

that SAAR significantly increases water intake in WT and KO mice (Figure 6).

Energy expenditure as kcal/hr per gram lean mass over 48 hours was shifted upward in
SAAR males (Figure 7). Energy expenditure was visibly higher in WT SAAR than in
WT CON males, and higher in KO SAAR than in KO CON males, during both the dark
and light periods (Figure 7). Interestingly, energy expenditure followed a regular diurnal
rhythm in WT males but appeared arrhythmic in KO males (Figure 7). For males, the 12-
hour average of energy expenditure as kcal/hr per gram lean mass during the dark and
light periods for WT SAAR clustered clearly above WT CON, and KO SAAR also
appeared slightly higher than KO CON. ANCOVA of kcal/hr with lean mass as a
covariate revealed a main effect of diet p<.001, showing that SAAR increased energy

expenditure in WT and KO males (Figure 8).

Energy expenditure as kcal/hr per gram lean mass over 48 hours was not shifted upward
in SAAR females (Figure 9). Energy expenditure was not visibly higher in WT SAAR

than in WT CON females, or in KO SAAR than KO CON females (Figure 9), in either
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the light or dark periods. Energy expenditure follows a regular diurnal rhythm in WT and
KO females, but appears dampened in KO females (Figure 9). For females, the 12-hour
average of energy expenditure as kcal/hr per gram lean mass during the dark and light
periods of WT CON, WT SAAR, KO CON and KO SAAR clustered near each other
(Figure 10). ANCOVA of kcal/hr with lean mass as a covariate revealed no effects of
strain or diet, showing that SAAR does not increase energy expenditure in WT or KO

females (Figure 10).

SAAR’s influence on energy expenditure in males, but not females (Figures 7-10) was
seen as a statistically significant sex-diet interaction in ANCOVA of kcal/hr performed
with grams lean mass as a covariate (Figure 11). SAAR males had higher energy
expenditure than CON males, while SAAR females did not have higher energy
expenditure than CON females (Figure 11). Average energy expenditure in CON and
SAAR females was numerically similar to SAAR males, and higher than CON males.
Post hoc comparisons show male SAAR > male CON, female CON and female SAAR

p<.001 (Figure 11).

The influence of KO on diurnal fluctuations in energy expenditure (Figures 7 and 9) was
seen as a statistically significant strain-period interaction in ANCOVA of kcal/hr
performed with grams lean mass as a covariate (Figure 12). WT mice had higher energy
expenditure during the dark period than during the light period, while KO mice did not.

Energy expenditure in KO mice was significantly higher than WT during the light period
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(when energy expenditure is normally low) and significantly lower than WT during the
dark period (when energy expenditure is normally high). Post hoc comparisons show WT

dark > WT light, KO dark, and KO light p<.001 and KO light > WT light p<.01.

Tissue weights:

After 5 weeks of treatment, tissue weights were collected (Table 2). MANOVA with sex,
strain and diet as factors was performed on liver, gonadal fat, subcutaneous fat, heat,
gastrocnemius, soleus, kidney, spleen and brain weights per gram BW. There were no
significant differences in BW-normalized liver, heart, gastrocnemius, soleus, kidney, or

spleen weights (Table 2).

There was significant strain-diet interaction in BW normalized gonadal fat weights
(Table 2). Post hoc comparisons show that grams of gonadal fat per gram BW were
higher in WT CON than in WT SAAR, KO CON and KO SAAR p<.001 (Table 2).
There was significant sex-diet-strain interaction in subcutaneous fat weights (Table 2).
Post hoc comparisons show that grams of subcutaneous fat per gram BW were higher in
male WT CON than female WT CON, WT SAAR, KO CON and KO SAAR, as well as
higher than male WT SAAR, KO CON and KO SAAR p<.05 (Table 2). There was also

an effect of strain in brain weight per gram BW, which was higher in KO mice (Table 2).

Gene expression:
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Hepatic Atf4 expression after 5 weeks of treatment was increased by SAAR in females
and males. Hepatic expression of Atf4 in KO males and females was negligible, with
average mMRNA Relative Quantity around .1, compared to expression in WT CON which
was set to 1 (Figure 13). MANOVA performed on log transformed data with sex, strain
and diet as factors shows an effect of strain p<.000001, and effect of diet p<.05 (Figure
13). Another ISR effector is Atf5, which is regulated by PERK-mediated phosphorylation
of elF2 during ER stress as part of the unfolded protein response [79]. In response to
SAAR, hepatic Atf5 expression was not increased (Figure 14). MANOVA on log
transformed data showed that hepatic Atf5 expression was unaffected by KO, or by sex

(Figure 14).

Hepatic expression of Fgf21 was elevated by SAAR in WT and KO males and females
(Figure 15). Fgf21 expression was numerically higher in SAAR males than females.
MANOVA on log transformed data showed no significant effect of sex. Fgf21 expression
was basally elevated in KO, in both males and females, with a main effect of strain p<.05

(Figure 15).

Hepatic expression of Nuclear protein 1, or Nuprl, was increased by SAAR in WT males
and females, but not in KO (Figure 16). Nuprl, also known as p8, was originally
identified as a gene induced during pancreatitis [80]; it has since been identified in
numerous other settings[81-85] including ER stress [86], oxidative stress [80], amino

acid starvation [87], and dietary protein dilution [88]. The GCN2/ATF4 pathway was



40

found to regulate Nuprl through an AARE [87]; Nuprl expression is promoted by
C/EBP-beta trans-acting factors [89]; and Atf4 overexpression increased Nuprl

expression, while siRNA-mediated loss of Atf4 diminished it [90].

MANOVA on log transformed data showed was an effect of diet and strain-diet
interaction in hepatic Nuprl expression, with WT SAAR > WT CON but no significant
differences between KO CON and KO SAAR (Figure 16). Nuprl expression in KO CON
and KO SAAR females ranged from as low as WT CON to as high as WT SAAR (Figure
16, Females). Nuprl expression in KO SAAR males clustered with KO CON and WT
CON males, but Nuprl expression in several KO SAAR males was at the level of WT
SAAR males (Figure 16, Males). There was also a main effect of sex p<.01, with

Females > Males p<.05 (Figure 16).

Hepatic expression of Stearoyl coenzyme A desaturase 1, or Scdl, was not significantly
affected by SAAR, but was reduced in KO males and females (Figure 17). Scdl catalyzes
a rate limiting step in lipid synthesis, and reduction in its expression and activity are
associated with leanness [6]. The reduction of Scdl expression in KO males was
numerically greater than the reduction in females (Figure 17). MANOVA of log-
transformed Scd1 expression with sex, strain and diet as factors shows significant effect

of strain p<.05 (Figure 17).
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Figure 1. Change in BW. 6-8 week old WT and Atf4 KO mice were acclimated 1 week to
CON (60% fat by kcal, 20% protein, 0% cysteine, .86% methionine). Mice were either
maintained on CON or randomly assigned to SAAR (60% fat by kcal, 20% protein, 0%
cysteine, .12% methionine) for 5 weeks. SAAR reduces BW in WT mice. In WT CON,
WT SAAR, KO CON and KO SAAR n=3, 7, 4, 7 for females and 4, 11, 3, 5 for males.

Two-way ANOVA was performed on average BW for each week. Week 1: Effect of strain
F(1, 40)=31.178, p=.00000. Week 2: Effect of strain F(1, 40)=29.312, p=.00000. Week 3:
Effect of strain F(1, 41)=42.099, p=.00000, and diet F(1, 41)=3.9582, p=.05334. Week 4:
Effect of strain F(1, 41)=48.808, p=.00000; diet F(1, 41)=9.5775, p=.00354; strain-diet
F(1, 41)=2.8519, p=.09886. Week 5: Effect of strain F(1, 41)=59.441, p=.0000; diet F(1,
41)=15.056, p=.00037; strain-diet F(1, 41)=4.7918, p=.03435, Tukey HSD WT CON >
WT SAAR, KO CON and KO SAAR p=0.000631, p=0.000163 and p=0.000162. WT
SAAR> KO CON and KO SAAR p=0.031328 and p=0.000298. Week 6: Effect of strain
F(1, 41)=63.517, p=.00000; diet F(1, 41)=16.300, p=.00023; strain-diet F(1, 41)=6.3470,
p=.01575, Tukey HSD WT CON > WT SAAR, KO CON, KO SAAR, p=0.000312,
p=0.000162 and p=0.000162. WT SAAR > KO CON and KO SAAR p=0.025885 and
p=0.000328). Means are presented + SD.
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Figure 2. Weekly average of daily food intake per gram of bodyweight. 6-8 week old WT
and Atf4 KO mice were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0%
cysteine, .86% methionine). Mice were either maintained on CON or randomly assigned
to SAAR (60% fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks.
SAAR does not require ATF4 to increase food intake in males. In WT CON, WT SAAR,
KO CON and KO SAAR n=3, 7, 5, 7 for females and 4, 11, 3, 5 for males.

Two-way ANOVA was performed at each week for each sex. For females, week 2 effect
of strain F(1, 18)=4.4109, p=.05007; week 4 effect of strain F(1, 18)=3.2138, p=.08984,
strain-diet interaction F(1, 18)=7.9594, p=.01131, Tukey HSD KO CON > WT CON
p=0.046944; week 5 effect of strain F(1, 18)=5.0751, p=.03699; week 6 effect of strain
F(1, 18)=3.5129, p=.07722, and strain-diet F(1, 18)=3.5348, p=.07638 Tukey HSD ns. For
males, there was an effect of diet at week 4 F(1, 19)=3.4533, p=.07869; week 5 F(1,
19)=3.1237, p=.09322; and week 6 F(1, 19)=4.4575, p=.04822.

* denotes effect of diet p<.05. # denotes effect of strain p<.05. T denotes strain-diet
interaction p<.05. 4denotes trending effect p<.1. Means are presented + SD.
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Figure 3. Average daily food intake per gram of bodyweight after 5 weeks of treatment. 6-
8 week old WT and Atf4 KO mice were acclimated 1 week to CON (60% fat by kcal, 20%
protein, 0% cysteine, .86% methionine). Mice were either maintained on CON or randomly
assigned to SAAR (60% fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5
weeks. SAAR does not require ATF4 to increase food intake in males. In WT CON, WT
SAAR, KO CON and KO SAAR n=3, 7, 5, 7 for females and 4, 11, 3, 5 for males.

Multifactorial ANOVA performed on combined male and female data with sex, strain and
diet as factors found an effect of strain F(1, 37)=6.0153, p=.01902 and sex F(1, 37)=6.5367,
p=.01480 with trending effect of diet F(1, 37)=3.7966, p=.05897 and trending strain-diet
interaction F(1, 37)=3.5167, p=.06866, Tukey HSD KO CON and KO SAAR >WT CON
p=0.015525 and p=0.015725.

Two-way ANOVA performed on female data found a trending effect of strain F(1,
18)=3.5129, p=.07722 and trending strain-diet interaction F(1, 18)=3.5348, p=.07638,
Tukey HSD ns. Two-way ANOVA performed on male data found an effect of diet F(1,
19)=4.4575, p=.04822. Graphs are annotated to reflect the results of individual two-way
ANOVA. * denotes main effect of diet p<.05, and 4 denotes trending effect p<.1. Means
are presented + SD.
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Figure 4. Initial and final percent body fat. 6-8 week old WT and Atf4 KO mice were
acclimated 1 week to CON (60% fat by kcal, 20% protein, 0% cysteine, .86% methionine).
Mice were either maintained on CON or randomly assigned to SAAR (60% fat by kcal,
20% protein, 0% cysteine, .12% methionine) for 5 weeks. SAAR requires ATF4 to prevent
increased adiposity. Due to increased variation when mice of SW and C57 backgrounds
are combined, the small number of C57s in WT SAAR and KO SAAR were excluded from
this analysis. In WT CON, WT SAAR, KO CON and KO SAAR n= 3, 4, 4, 4 for females
and 4, 9, 3, 5 for males. One paired two-tailed T-Test was performed for each treatment
group. Percent body fat increased significantly in WT CON, KO CON and KO SAAR
p=.004762, p=.043675 and p=.035242. Means, standard deviations, t statistics and degrees
of freedom can be found in Table 4.
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Mean | stdDv. | N | Difl. | SOVl ¢ far| p
WT CON end | 23.66679 | 14.06524
WT CON start | 16.88732 | 1152062 | 7 | 6.77947 | 4112452 | 4.36158 | 6 | 0.004762
WT SAAR end | 10.35064 | 4.539613
WTSAAR 11373418 | 7.600321 | 13 | -3.38355 | 6.132020 | -1.98919 | | 0.069968
KO CON end | 7.819034 | 5.537400
KO CON start | 4.229352 | 2.478643 | 7 | 3.58968 | 3.729075 | 2.54685 | 6 | 0.043675
KO SAAR end | 7.509455 | 2.300179
KO SAAR start | 5.181448 | 2.729456 | 9 | 2.32801 | 2.760209 | 2.53025 | 8 | 0.035242

Table 1. Statistical output for paired two-tailed T-Tests associated with Figure 4, initial and
final percent body fat. 6-8 week old WT and Atf4 KO mice were acclimated 1 week to

CON (60% fat by kcal, 20% protein, 0% cysteine, .86% methionine). Mice were either

maintained on CON or randomly assigned to SAAR (60% fat by kcal, 20% protein, 0%
cysteine, .12% methionine) for 5 weeks. Due to increased variation when mice of SW and
C57 backgrounds were combined, the small number of C57s in WT SAAR and KO SAAR

were excluded from this analysis. In WT CON, WT SAAR, KO CON and KO SAAR n=

3,4, 4, 4 for females and 4, 9, 3, 5 for males. One paired two-tailed T-Test was performed
for each treatment group. Percent body fat increased significantly in WT CON, KO CON
and KO SAAR p=.004762, p=.043675 and p=.035242.
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Figure 5. Change in percent body fat, calculated as % body fat after the fifth week of
treatment - % body fat after 1 week acclimation to CON. 6-8 week old WT and Atf4 KO
mice were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0% cysteine, .86%
methionine). Mice were either maintained on CON or randomly assigned to SAAR (60%
fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks. SAAR improves
body composition in males but not females. In WT CON, WT SAAR, KO CON and KO
SAAR N= 3,7, 4, 7 for females and 4, 11, 3, 5 for males.

Multifactorial ANOVA was performed on combined male and female data with sex, strain
and diet as factors. There was an effect of diet F(1, 36)=14.624, p=.00050, strain-diet F(1,
36)=4.8604, p=.03396, diet-sex F(1, 36)=4.8287, p=.03451. There was also strain-diet-sex
interaction F(1, 36)=6.1687, p=.01779. Tukey HSD Male WT SAAR < Male WT CON,
Female WT CON, Female WT SAAR, Female KO CON, Female KO SAAR p=0.000142,
p=0.045941, p=0.027516, p=0.006032, and p=0.020662. Each graph is annotated only to
reflect effects of strain and diet.
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Figure 6. 48 hour cumulative water intake per gram of bodyweight after 5 weeks treatment.
6-8 week old WT and Atf4 KO mice were acclimated 1 week to CON (60% fat by kcal,
20% protein, 0% cysteine, .86% methionine). Mice were either maintained on CON or
randomly assigned to SAAR (60% fat by kcal, 20% protein, 0% cysteine, .12% methionine)
for 5 weeks. SAAR does not require ATF4 to increase water intake. Males and females
were combined. WT CON, WT SAAR, KO CON and KO SAAR, n=2, 3, 5, 5 for females
and 4, 6, 2, 1 for males.

Water intake (mL) was log-transformed to meet assumptions of normality, and two-way
ANOVA was performed on log-transformed water intake (mL) / BW (g) with strain and
diet as factors. Effect of diet F(1, 24)=5.9231, p=.02276. * denotes main effect of diet
p<.05. Means are presented + SD.
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Figure 7. Diurnal rhythms in energy expenditure of male mice. 6-8 week old WT and Atf4
KO mice were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0% cysteine,
.86% methionine). Mice were either maintained on CON or randomly assigned to SAAR
(60% fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks. In WT CON,
WT SAAR, KO CON and KO SAAR n= 8, 11, 5, 5. Group averages are graphed with 95%
Cl shaded behind them. Gray bars represent dark periods.
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Figure 8. Average kcal/hr per gram of lean mass after 5 weeks treatment. 6-8 week old WT
and Atf4 KO mice were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0%
cysteine, .86% methionine). Mice were either maintained on CON or randomly assigned
to SAAR (60% fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks.
SAAR does not require ATF4 to increase energy expenditure in males. In WT CON, WT
SAAR, KO CON and KO SAAR n= 8, 11, 5, 5 for males. ANCOVA was performed on
combined light and dark data (Kcal/hr) with lean mass (g) as a covariate and period, strain
and diet as factors. Effect of diet F(1, 49)=15.180, p=.00030. Effect of period F(1,
49)=6.9794, p=.01104. Trending strain-period interaction F(1, 49)=3.2747, p=.07649,
Tukey HSD WT dark > WT light, KO dark and KO light p=0.002518, p=0.000215, and p=
0.000171. * denotes effect of diet p<.05. Means are presented + SD.
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Figure 9. Diurnal rhythms in energy expenditure of female mice. 6-8 week old WT and
Atf4 KO mice were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0% cysteine,
.86% methionine). Mice were either maintained on CON or randomly assigned to SAAR
(60% fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks. In WT CON,
WT SAAR, KO CON and KO SAAR n= 5,5,7,7. Group averages are graphed with 95%
Cl shaded behind them. Gray bars represent dark periods.
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Figure 10. Average kcal/hr per gram of lean mass during the final week of a 5-week
treatment period. 6-8 week old WT and Atf4 KO mice were acclimated 1 week to CON
(60% fat by kcal, 20% protein, 0% cysteine, .86% methionine). Mice were either
maintained on CON or randomly assigned to SAAR (60% fat by kcal, 20% protein, 0%
cysteine, .12% methionine) for 5 weeks. SAAR does not alter energy expenditure in
females. In WT CON, WT SAAR, KO CON and KO SAAR n=5, 5, 7, 7 for females.
ANCOVA was performed on combined light and dark data (Kcal/hr) with lean mass (g) as
a covariate and period, strain and diet as factors. There was a significant effect of period
F(1, 39)=18.097, p=.00013 and an interaction between strain and period F(1, 39)=6.7748,
p=.01301, Tukey HSD WT dark > WT light, KO dark and KO light p=0.000484,
p=0.000168 and p=0.000164. Means are presented + SD.
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Figure 11. Sex-diet interaction seen in energy expenditure (kcal/hr) adjusted for lean mass
(g) after 5 weeks treatment. 6-8 week old WT and Atf4 KO mice were acclimated 1 week
to CON (60% fat by kcal, 20% protein, 0% cysteine, .86% methionine). Mice were either
maintained on CON or randomly assigned to SAAR (60% fat by kcal, 20% protein, 0%
cysteine, .12% methionine) for 5 weeks. SAAR does not alter energy expenditure in
females. In WT CON, WT SAAR, KO CON and KO SAAR n=5, 5, 7, 7 for females and
8, 11, 5, 5 for males.

ANCOVA was performed on combined male and female, light and dark period data
(Kcal/hr) with lean mass (g) as a covariate and sex, period, strain and diet as factors. There
were significant effects of sex F(1, 89)=4.9805, p=.02815, period F(1, 89)=20.816,
p=.00002 and diet F(1, 89)=6.0672, p=.01570 and strain-period interaction (F(1,
89)=8.5960, p=.00428). For the sex-diet interaction shown here F(1, 89)=12.136, p=.00077
and Tukey HSD Male SAAR > Male CON, Female SAAR and Female CON p=0.000329,
p=0.000144 and p=0.000272. Kcal/hr is computed for covariates at their means. Vertical
bars denote 95% confidence intervals.
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Figure 12. Strain-period interaction seen in energy expenditure (kcal/hr) adjusted for lean
mass (g), after 5 weeks treatment. 6-8 week old WT and Atf4 KO mice were acclimated 1
week to CON (60% fat by kcal, 20% protein, 0% cysteine, .86% methionine). Mice were
either maintained on CON or randomly assigned to SAAR (60% fat by kcal, 20% protein,
0% cysteine, .12% methionine) for 5 weeks. Atf4 KO reduces diurnal fluctuation in energy
expenditure. In WT CON, WT SAAR, KO CON and KO SAAR n=5, 5, 7, 7 for females
and 8, 11, 5, 5 for males.

ANCOVA was performed on combined male and female, light and dark period data
(Kcal/hr) with lean mass (g) as a covariate and sex, period, strain and diet as factors. There
were significant effects of sex F(1, 89)=4.9805, p=.02815, period F(1, 89)=20.816,
p=.00002 and diet F(1, 89)=6.0672, p=.01570 and sex-diet interaction F(1, 89)=12.136,
p=.00077. For the strain-period interaction shown here (F(1, 89)=8.5960, p=.00428) and
Tukey HSD WT dark > WT light, KO dark, and KO light p=0.000146, p=0.000144, and
p=0.000144. KO light > WT light p=0.001387. Kcal/hr is computed for covariates at their
means. Vertical bars denote 95% confidence intervals.
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Females Males

WT WT KO KO WT WT KO WT

+BW CON SAAR CON SAAR CON SAAR CON CON
0.015+ | 0.030+ | 0.013+ | 0.035+ | 0.036+ | 0.033+ | 0.027+ | 0.031+

Liver 0.016 0.011 0.013 0.011 0.030 0.010 0.007 0.004
0.052+ | 0.021+ | 0.019+ | 0.008+ | 0.107+ | 0.027+ | 0.010+ | 0.012 +
GonFat | 0.032a | 0.007b | 0.008b | 0.004b | 0.070a | 0.010b | 0.007b | 0.004 b
SubQ | 0.028+ | 0.016+ | 0.016+ | 0.009+ | 0.053+ | 0.012+ | 0.009+ | 0.010 +
fat 0.011ab | 0.006 b | 0.002ab | 0.004b | 0.044a | 0.005b | 0.002b | 0.004 b
0.006 + | 0.006+ | 0.007+ | 0.006+ | 0.007+ | 0.006+ | 0.006+ | 0.007 +

Heart 0.001 0.001 0.002 0.002 0.003 0.001 0.001 0.001
0.009+ | 0.011+ | 0011+ | 0011+ | 0.011+ | 0.011+ | 0.010%+ | 0.011

Gastroc | 0.001 0.002 0.002 0.002 0.005 0.002 0.001 0.001
0.001+ | 0.001+ | 0.001+ | 0.002+ | 0.001+ | 0.001+ | 0.001+ | 0.001+

Soleus 0.000 0.000 0.000 0.002 0.000 0.001 0.000 0.000
0.012+ | 0.013+ | 0.016+ | 0.012+ | 0.014+ | 0.014+ | 0.015+ | 0.014 +

Kidney 0.001 0.001 0.002 0.003 0.006 0.002 0.001 0.001
0.004+ | 0.003+ | 0.004+ | 0.003+ | 0.003+ | 0.003%+ | 0.003+ | 0.007 +

Spleen 0.000 0.001 0.000 0.001 0.002 0.001 0.000 0.010
0.015+ | 0.016+ | 0.019+ | 0.023+ | 0.014+ | 0.015+ | 0.017+ | 0.017 +
Brain 0.002a | 0.007a | 0.002b | 0.006 b | 0.005a | 0.005a | 0.002b | 0.002b

Table 2. Tissue weights after five weeks of treatment. 6-8 week old WT and Atf4 KO mice
were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0% cysteine, .86%
methionine). Mice were either maintained on CON or randomly assigned to SAAR (60%
fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks. In WT CON, WT
SAAR, KO CON and KO SAAR n= 3, 7, 3, 7 for females and 4, 11, 3, 5 for males.

In gonadal fat, there was a significant effect of strain (F(1, 35)=19.225, p=.00010), diet
(F(1, 35)=10.929, p=.00219) and strain-diet (F(1, 35)=7.9508, p=.00786, Tukey HSD WT
CON > WT SAAR, KO CON, KO SAAR p=0.000263, p= 0.000402, p= 0.000165). In
subcutaneous fat there was an effect of strain (F(1, 35)=9.4051, p=.00416), diet (F(1,
35)=7.4864, p=.00970), strain-diet (F(1, 35)=4.6589, p=.03783, Tukey HSD ) and sex-
strain-diet (F(1, 35)=3.0811, p=.08796, Tukey
HSD Male WT CON > Male WT SAAR, Male KO CON, Male KO SAAR, Female WT
SAAR, Female KO SAAR p= 0.002146, p= 0.015586, p= 0.005032, p= 0.012485, p=
0.001886). In brain there was an effect of strain (F(1, 35)=5.4082, p=.02596).
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Figure 13. Hepatic Atf4 expression after 5 weeks of treatment. 6-8 week old WT and Atf4
KO mice were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0% cysteine,
.86% methionine). Mice were either maintained on CON or randomly assigned to SAAR
(60% fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks. SAAR
increases hepatic Atf4. In WT CON, WT SAAR, KO CON and KO SAARN= 3,7, 4, 7 for
females and 4, 11, 3, 5 for males. Multifactorial ANOVA was performed on log
transformed, combined male and female data with sex, strain and diet as factors. Effect of
strain F(1, 35)=53.831, p=.00000. Effect of diet F(1, 35)=7.3004, p=.01056. * denotes
main effect of diet p<.05, and # denotes main effect of strain p<.05. Means are presented
+ SD.
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Figure 14. Hepatic Atf5 expression after 5 weeks of treatment. 6-8 week old WT and Atf4
KO mice were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0% cysteine,
.86% methionine). Mice were either maintained on CON or randomly assigned to SAAR
(60% fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks. SAAR does
not alter hepatic Atf5. In WT CON, WT SAAR, KO CON and KO SAAR n=3, 7, 5, 7 for
females and 4, 11, 3, 5 for males. Multifactorial ANOVA was performed on log
transformed, combined male and female data with sex, strain and diet as factors. Means are

presented + SD.
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Figure 15. Hepatic Fgf21 expression after 5 weeks of treatment. 6-8 week old WT and Atf4
KO mice were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0% cysteine,
.86% methionine). Mice were either maintained on CON or randomly assigned to SAAR
(60% fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks. SAAR does
not require ATF4 to increase hepatic Fgf21. In WT CON, WT SAAR, KO CON and KO
SAAR n= 3, 7, 5, 5 for females and 4, 11, 3, 5 for males. Multifactorial ANOVA was
performed on log transformed, combined male and female data with sex, strain and diet as
factors. Effect of strain F(1, 36)=5.9580, p=.01970. Effect of diet F(1, 36)=18.971,
p=.00011. * denotes effect of diet p<.05. # denotes effect of strain p<.05. Means are
presented = SD.
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Figure 16. Hepatic Nuprl expression after 5 weeks of treatment. 6-8 week old WT and Atf4
KO mice were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0% cysteine,
.86% methionine). Mice were either maintained on CON or randomly assigned to SAAR
(60% fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks. SAAR requires
ATF4 to increase hepatic Nuprl. In WT CON, WT SAAR, KO CON and KO SAAR n=3,
7,5, 6 for females and 4, 11, 3, 5 for males. Multifactorial ANOVA was performed on log
transformed, combined male and female data with sex, strain and diet as factors. Effect of
sex F(1, 36)=7.9681, p=.00771, Tukey HSD Females > Males p= 0.047794. Effect of diet
F(1, 36)=14.047, p=.00062. Strain-diet interaction F(1, 36)=4.3402, p=.04438, Tukey HSD
WT SAAR >WT CON p=0.000758. Groups without a common letter differ. Means are
presented = SD.
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Figure 17. Hepatic Scdl expression after 5 weeks of treatment. 6-8 week old WT and Atf4
KO mice were acclimated 1 week to CON (60% fat by kcal, 20% protein, 0% cysteine,
.86% methionine). Mice were either maintained on CON or randomly assigned to SAAR
(60% fat by kcal, 20% protein, 0% cysteine, .12% methionine) for 5 weeks. SAAR does
not alter hepatic Scdl. In WT CON, WT SAAR, KO CON and KO SAAR n= 3,7, 5, 6 for
females and 4, 11, 3, 5 for males. Multifactorial ANOVA was performed on log
transformed, combined male and female data with sex, strain and diet as factors. Effect of
strain F(1, 36)=5.9597, p=.01968. # denotes effect of strain p<.05. Means are presented +

SD.
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Discussion

The mechanisms by which loss of specific amino acids versus total protein are sensed
remain unclear. The Integrated Stress Response relies on the kinase GCN2 to initiate
responses to amino acid stress, yet we find GCN2 independent responses to SAAR [28]
and non-overlapping responses between GCN2 and its downstream effector ATF4 during
amino acid depletion induced by asparaginase [52]. To understand the role of ATF4 in
altering food and water intake, energy expenditure, body composition and hepatic gene
expression during SAAR, we used a model of genetic deletion of Atf4 and a 5 week
treatment period of high fat SAAR diet. We hypothesized that ATF4 would be required
for a SAAR-induced whole-body phenotype of increased food and water intake,
increased energy expenditure, and reduced adiposity, and that ATF4 would also be
required for increased hepatic Fgf21 expression. We expected that this whole-body
phenotype would correspond with increased hepatic Fgf21 expression, suggesting an

ATF4-FGF21 axis.

In both WT and KO strains, responses to SAAR were observed, but limited to males. In
context with previous work, we found ATF4 to play a complex role in the ISR: food
intake is independent of both GCN2 [28] and ATF4 (Figures 2 and 3); protection from
increased adiposity is GCN2-independent [28] but ATF4-dependent (Figure 4); and
increased energy expenditure is GCN2-dependent [28] but ATF4-independent (Figures 7
and 8). Clearly the ISR is not best described as a simple GCN2-elF2-ATF. Similar to
asparaginase treatment [52], we find that during SAAR GCN2 and ATF4 are required

separately.
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That the first component of the ISR, activity of the amino-acid-sensing kinase GCN2, can
be bypassed has already been seen [10], particularly in our previous study [28] where
elF2B activity was reduced in Gen2 KO mice despite unchanged levels of
phosphorylated elF2. An increase in phosphorylated elF2 is the currently proposed
mechanism for reduction in elF2B activity, and a reduction in elF2B activity should not
occur otherwise. This work adds to the previous findings by showing that the next
component of the ISR, ATF4 translation, can in fact be bypassed too. Our finding of
elevated Fgf21 in KO SAAR mice (Figure 15), as well as work showing Fgf21 KO mice
do not respond to SAAR [51], suggest Fgf21 may be responsible for GCN2- and ATF4-
independent responses to SAAR. It also suggests a compensatory pathway for Fgf21

elevation in the absence of ATF4, of which there are multiple potential candidates.

Following the report of increased water intake during a protein restricted diet [78], this is
the first to show water intake increased by SAAR (Figure 6). This extension of the
correspondence between protein restriction and SAAR from food intake to water intake
supports the application of the ISR pathway to SAAR. Although hyperphagy is accounted
for by the concept of protein (or methionine) leverage, the physiological reasoning
behind increased water intake remains uncertain. The protein leverage hypothesis states
that food intake increases until adequate consumption of the limiting nutrient, protein, is
reached. Metabolism then becomes less efficient, to offset the caloric load [4, 5]. Like
hyperphagy, increased water intake may be tied to increased energy expenditure, perhaps
as a thermoregulatory compensation. Or it may be coincident to increased food intake.

These possibilities have yet to be tested. In agreement with findings that FGF21
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administration increased water intake [78], we found that water intake closely resembled
Fgf21 expression (Figure 3), which were both significantly increased by SAAR. This
suggests that SAAR increases water intake via an FGF21 axis, but via an intermediary

which is not ATF4.

While we found SAAR clearly increased energy expenditure in KO mice at 5 weeks
(figure 10), energy expenditure is not increased by SAAR in Gen2 KO [28] within the
same timeframe. The GCN2-dependence but ATF4-independence of energy expenditure
within this timeframe is particularly surprising because it differs from food intake, which
is GCN2- and ATF4-independent. The mechanisms behind increased food intake and
energy expenditure are linked theoretically according to the protein (and/or methionine)
leverage hypothesis. Because these responses occur together, it is intuitive to speculate
that they occur under the same control. The ISR provides a streamlined solution: one
sensor-kinase leads to translation of one transcription factor, whose many targets exert
many physiological effects. The way increased food intake and increased energy
expenditure occur outside of (food intake) and only partially within (energy expenditure)

the ISR signals the need for new conceptual frameworks.

Whether ATF4 is required for SAAR-mediated improvement in body composition is
difficult to assess using this model. Global Atf4 deletion creates a basally lean phenotype.
Previous work in Gen2 KO mice shows a reduced increase in adiposity in KO SAAR

versus KO CON [28]. However, Gen2 KO mice gained 15-20% body fat [28], while Atf4
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KO mice gained less than 5 % body fat. Thus, although this study finds no difference in
the increase in adiposity in KO SAAR versus KO CON, it is difficult to tell whether a
difference would have been seen if KO mice were less basally lean. A more appropriate
model may be liver-specific deletion of Atf4, as liver-specific KO mice have similar body

weights and body composition to WT mice.

Although ATF4 elevates Fgf21 during stress [49, 56, 58], we find there are redundant
pathways which act to elevate hepatic Fgf21 during SAAR when Atf4 is globally deleted.
There are several likely candidates for a compensatory pathway. Without ATF4 present,
other transcription factors may be binding to the promoter of FGF21. ATF4 interacts with
nuclear factor erythroid-derived 2 (Nrf2) [91], for example in regulating the expression of
heme oxygenase [92]. Treatment with an Nrf2-inducer increases hepatic Fgf21
expression as well as serum FGF21 in mice [93]. Fgf21 expression is increased by
peroxisome proliferator-activated receptor (PPAR) agonists in humans, specifically alpha
and delta (but not gamma) [94]. PPAR-alpha regulates hepatic Fgf21 in mice [95].
Finally, upstream of the amino acid response element (AARE) in the Fgf21 promoter is
an endoplasmic reticulum stress response element (ERSE) [91]. During ER stress, site
specific splicing leads to production of X-box-binding protein 1 (XBP1) [57], which
binds to the ERSE [96]. ER stress and subsequent XBP1 splicing has been shown to
increase Fgf21 expression [97]. Chromatin immunoprecipitation of the Fgf21 promoter is

necessary to identify what is binding in the absence of ATF4.
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We also found that whatever mechanism increases energy expenditure during SAAR, it is
likely separate from that which controls energy expenditure’s diurnal rhythm, which is
blunted in the absence of ATF4 (Figures 9 and 10). Diurnal rhythm in energy expenditure
may normally be influenced by diurnal rhythms in Fgf21, which may in turn be driven by
the diurnal regulation of Atf4. Atf4 is regulated by the clock factor period 2 [98], and
Fgf21 demonstrates diurnal rhythm in its expression [99]. Although Fgf21 is elevated in
the absence of ATF4 by a compensatory mechanism, it may not have the same diurnal
characteristics, leading to damped fluctuations in energy expenditure. It is also possible
that global Atf4 KO reduces the diurnal rhythm of energy expenditure by disrupting
feedbacks involving ATF4 in the brain [98]. Liver specific KO would be informative in
determining whether the diurnal rhythm of energy expenditure is influenced directly by
ATF4 in the brain. Reduced diurnal fluctuations in energy expenditure also suggest
impaired metabolic flexibility. Although there was no clear disruption of RER in high fat

fed KO mice (Figure 15), differences may be visible on a normal fat diet.

Overall, the ISR is more complex than a linear GCN2-elF2-ATF4 scheme allows, and in
addition to non-overlapping effects of GCN2 and ATF4 during SAAR, FGF21 is a
critical mediator which should be included as an actor. Further research is necessary to
clarify the effect of hepatic ATF4 during SAAR, particularly on changes in body
composition. Finally, the pathway by which Fgf21 is elevated in the absence of ATF4

must be identified.
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