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Abstract

Activating transcription factor 3 (ATF3) is a member of the ATF/cAMP-response element binding
protein (CREB) family of transcription factors. In response to stress stimuli, ATF3 forms dimers to
activate or repress gene expression. Further, ATF3 modulates the immune response, atherogenesis,
cell cycle, apoptosis, and glucose homeostasis. Recent studies have shown that ATF3 may also be
involved in pathogenesis of other diseases. However, more studies are needed to determine the role
of ATF3 in metabolic regulation.
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1. Introduction

The activating transcription factor (ATF) family of proteins is a group of transcription
factors consisting of ATFs, CAMP response element binding protein (CREB), cAMP
response element modulator (CREM), and related proteins.! This protein family has at least
ten members that all share a basic-region leucine zipper (bZip) DNA binding domain.23
ATF was first identified in 1987, when it was shown to bind to early adenovirus promoters
(E2, E3, and E4) via a consensus binding sequence (TGACGTCA). In the same year, CREB
was shown to bind to the somatostatin gene promoter through the same consensus binding
site.* Consequently, these two proteins are grouped together as the ATF/CREB family of
proteins as they: i) bind to the same consensus binding sequence, ii) both contain bZip
domains, and iii) form either homo- or heterodimers with other proteins in the ATF/CREB
family.2:5
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The ATF3/CREB family now includes ATF1, CREB, CREM, ATF2, ATF3, ATF4, ATF5,
ATF6, ATF7, and B-ATF.% The unique feature of these proteins is the basic DNA binding
region and bZip domain, which is responsible for forming homo- or heterodimers with other
ATF/CREB family members.> While the ATF/CREB proteins have similar bZip domains,
some members of this family share additional homology. For example, ATF1, CREB, and
CREM are very similar in regions containing phosphorylation sites.” Likewise, the first
100 N-terminal residues and last 13 C-terminal residues of ATF2 and ATFa are similar.1°
Furthermore, apart from their sequence homology, proteins of the ATF/CREB family are
induced in response to many different stimuli and can activate or repress transcription.2> For
example, ATF1 and CREB induce transcription in response to cAMP and calcium influx,
while ATF2 induces transcription in response to viral infection.> Conversely, ATF3 represses
transcription upon DNA binding,? but activates transcription of target genes upon
heterodimerization with Jun proteins.> Therefore, depending on homo- or heterodimer status
and promoter context, ATF3 can serve as either a transcriptional activator or repressor.

2. Structure and regulation of the ATF3 gene

The human ATF3 gene spans over 15 kilobases and has four exons termed A, B, C, and E.
Exon A encodes the 5”-untranslated region, exon B encodes the N-terminal domain
containing 80 amino acids, exon C encodes a further 36 amino acids, while exon E encodes
the bZip domain and 3’-untranslated region.> In addition, there is an alternatively spliced
form of ATF3termed ATF3AZip, which contains an additional exon, exon D. Exon D
contains a termination codon.® Thus, ATF3AZip is a truncated version of full-length ATF3,
whereby it shares homology with full-length ATF3 protein until exon C, and does not
contain the bZip domain encoded by exon E. There are limited data on relative expression
levels of ATF3 versus ATF3AZip. In human umbilical vein endothelial cells (HUVEC)
stimulated by anisomycin (a known ATF3 stimulus), protein expression of ATF3AZip was
approximately 34% that of full-length ATF3 protein.® To investigate the effect of both
proteins on transcription of target genes, a promoter containing four consensus ATF3
binding sites was constructed. In transient transfection assays, ATF3 alone markedly
repressed promoter activity, whereas ATF3AZip had no effect. Co-transfection of ATF3 with
ATF3AZip significantly inhibited ATF3-mediated suppression of promoter activity,?
indicating that ATF3AZip can antagonize transcriptional activity of ATF3.

Analysis of the ATF3 gene promoter shows that it has binding sites for several transcription
factors. Some of these are binding sites for ATF/CRE, activator protein 1 (AP1), and nuclear
factor-xB (NF-xB), suggesting that ATF3 may be inducible by stress signals such as cCAMP,
UV radiation, calcium influx, and cytokines.1! Further, the A7F3 gene also has binding sites
for Myc/Max and E2F, suggesting that ATF3 may also be involved in cell cycle regulation.1!

Consistent with the presence of promoter binding sites for stress signals, ATF3 expression is
induced in response to stress and plays a potential role in mediating stress responses.1112 |n
animal studies, stress stimuli include ischemia, ischemia with reperfusion, axotomy,
wounding, toxicity, and seizure. In cell culture experiments, stimuli include serum factors,
cytokines, genotoxic agents, cell death-inducing agents, and the adenoviral protein, E1A.12
While there are limited data with regards the pathways involved in ATF3 induction, it is
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thought that the c-Jun NH(2)-terminal kinase/stress-activated protein kinase (JNK/SAPK)
pathway mediates regulation of ATF3 via stress signals. In addition, p53 and interleukin
(IL)-6 are required for induction of ATF3 under certain conditions.2 Studies from in vitro
transfection and transcription assays suggest that ATF3 homodimers act as transcription
inhibitors, while ATF3 heterodimers (with partners such as ATF2, c-Jun, Jun B, and Jun D)
act as transcription activators.2:2:12

3. Role of ATF3 in immune function

Toll-like receptors (TLRs) are pathogenic sensors. Upon ligand activation, TLRs give rise to
various intracellular signaling pathways that increase expression of inflammatory cytokines
and chemokines to activate the adaptive immune system.13 In addition, TLRs have been
shown to modulate tumor development.1

In bone marrow-derived macrophages (BMDM), activation of various TLRs increases
protein expression of ATF3,1° suggesting that ATF3 plays a role in TLR signaling. Another
study showed that ATF3 is specifically upregulated after infection with Streptococcus
pneumonia via TLR2 and TLR4.16 Consistent with these observations, primary
macrophages from Atf37~ mice show increased expression of 1L-6, IL-12, and tumor
necrosis factor (TNF)-a,15 indicating that ATF3 is a negative regulator of immune
responses. In a separate study, BMDM from A3~ mice had significantly lower survival
rates after stimulation with several TLR ligands.1’ Apoptotic rates in response to
lipopolysaccharide (LPS) signaling were also significantly higher in these macrophages.
This latter study further showed that ATF3 acts downstream of JNK signaling after TLR
activation.1” In a mouse model of ischemia/reperfusion (IR) injury, ATF3 ablation in LPS-
stimulated BMDM decreased levels of nuclear factor erythroid-derived 2-related factor 2/
heme oxygenase-1 (NRF2/HO-1) and phosphatidylinositol-3-kinase/protein kinase B (PI3K/
AKT), resulting in enhanced TLR4/NF-xB activation.18 These results demonstrate a role of
ATF3 in mediating NRF2/HO-1 signaling for regulation of TLR4-driven inflammatory
responses in IR-stressed liver. Interestingly, NF-xB contains an ATF/CRE consensus
sequence in its promoter. In addition, ATF3 may also interact with histone deacetylase 1
(HDAC1).19 Altogether, these latter findings offer further insight into the mechanism by
which ATF3 inhibits transcription of NF-xB target genes. Systemic lupus erythematosus
(SLE) is an auto-immune disease that increases the risk of cardiovascular disease via
increased oxidized high-density lipoprotein (HDL).2% To mimic this model of SLE,
macrophages were treated with either normal HDL or SLE HDL.2! Accordingly, SLE HDL
activated NF-xB and increased inflammatory cytokine production. Further analysis revealed
that NF-xB activation was due to failure of SLE HDL to induce ATF3 in macrophages.?! In
a model of intestinal Crohn’s disease, ATF3 co-operates with NF-xB to downregulate
cytokine production, further strengthening the role of ATF3 in amelioration of
inflammation.22

Consistent with the anti-inflammatory action of ATF3, A3/~ mice show increased
expression of pro-inflammatory cytokines (such as 1L-6 and IL-12b) with LPS stimulation,
as well as increased susceptibility to endotoxic shock-induced death compared with wild-
type controls.23 However, in contrast, one study showed that increased susceptibility to
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bacterial and fungal infections in sepsis was due to IL-6 repression via ATF3 induction.24 In
support of this observation, Aff3”~ mice were protected against bacterial and fungal
infections, while Aff37~//67~ mice were susceptible to infection.24 Furthermore, Atf37/~
mice were protected from murine cytomegalovirus (MCMV) infection,25 with the
underlying mechanism that ATF3 reduced expression of interferon (IFN)-y, a potent
regulator of natural killer cell activity.2> Despite these findings, A3~ mice show increased
levels of high mobility group box 1 (HMGBL1), an important pro-inflammatory molecule that
plays an crucial role in the end stages of sepsis.28 Adeno-associated virus (AAV)-mediated
ATF3 gene transfer reduced LPS-induced mortality in A#37~ mice.28 In addition, Aff3/~
mice show increased TNFa expression in the spleen upon ligand activation of TLR9.19
Activated T lymphocytes isolated from At£3/~ mice show increased levels of IL-4, IL-5,
and 1L-13.27 ATF3 was also shown to reduce transcription of all three genes by directly
binding to their promoters after heterodimer formation with JunB, a member of the AP-1
family of proteins.2” Furthermore, there is increased expression of chemokine (C-C motif)
ligand 1 (CCL1), CCL2, CCL4, CCL5, CCL7, CCL8, and CCL11 in A#f%’~ mouse lung,2’
with a consensus ATF/CRE site detected in the promoter of CCL4. BMDM derived from
Atf37~ secrete lower CCL4 levels upon LPS treatment.2 In neutrophils, ATF3 reduced
expression of chemokines, such as C-X-C motif ligand 1 (CXCL1), but promoted neutrophil
chemotaxis.?8 In primary human monocytes and macrophages, IFN-y significantly induced
ATF3 expression, which in turn bound to the promoter of matrix metalloproteinase 1
(MMP-1), reducing its transcription.2? IFN-B induced ATF3 expression, which binds to a
distal regulatory sequence of IFN-B to reduce its transcription.30 Taken together, these
observations indicate that ATF3 plays a vital role in modulating immune responses and
maintaining normal host defense mechanisms (Fig.1A and 1B).

4. Role of ATF3 in mediating the anti-inflammatory effect of HDL

High-density lipoprotein has anti-atherogenic effects largely because of its ability to
promote reverse cholesterol transport and protect against inflammatory responses. In
contrast, the anti-inflammatory effect of HDL has not been well addressed. De Nardo et a/31
found that HDL induces ATF3 expression and protects against TLR-induced inflammation
in a manner that is fully dependent on ATF3 /n vitroand in vivo. In macrophages, ATF3
inhibits the gene encoding cholesterol 25-hydroxylase and prevents foam cell formation.32
As a result, Atf3deletion in apolipoprotein e (Apoe)™"~ mice promoted atherosclerosis
progression.32 In addition, ATF3 inhibits tenascin C-induced foam cell formation by
suppressing TLR4 in LPS-stimulated THP-1 macrophages.33 These data clearly show that
ATF3 plays an atheroprotective role in macrophages.

5. Role of ATF3in oncogenesis

One of the most striking roles of ATF3 has been in oncogenesis. ATF3 expression is elevated
in a host of human cancers, most strikingly in breast cancer, prostate cancer, and Hodgkin’s
lymphoma.1® Furthermore, ATF3 exhibits oncogenic properties in breast cancer cell lines,
prostate cancer cells lines, and Hodgkin’s lymphoma cell lines, wherein it promotes cancer
cell survival.34-36 While the exact mechanism remains unclear, in HeLa cells, ATF3 directly
binds to the promoter for growth arrest and DNA damage-inducible protein (GADD153),3 a
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pro-apoptotic gene that induces cell cycle arrest. Therefore, ATF3 may promote oncogenesis
in these cancers possibly by reducing GADD153 expression (Fig.2A).

Conversely, ATF3 is expressed at lower levels in human colorectal cancer cells,38 suggesting
that it may also have a pro-apoptotic role. Indeed, the pro-apoptotic function of ATF3 may
be related to transforming growth factor (TGF)-p signaling. TGFp is a pro-apoptotic protein
that stimulates ATF3 transcription via mothers against DPP homolog 3 (Smad3) activation.
Subsequently, ATF3 and Smad3 form a complex that binds to the promoter and represses
transcription of inhibitor of DNA binding 1 (/dZ), a pro-survival gene. Thus, transcriptional
repression of /dZ may be one of the mechanisms by which ATF3 promotes apoptosis!® (Fig.
2B).

In transgenic mouse models, ATF3 over-expression in epithelial cells leads to increased
incidence of squamous cell and mammary carcinomas, indicating that ATF3 plays an
oncogenic role.19 In contrast, selective over-expression of pancreatic ATF3 leads to
repression of insulin receptor substrate 2 (IRS2) transcription and increased apoptosis. IRS2
is implicated in diabetes and is a promoter of tumorigenesis and metastasis.3%-40 Repression
of IRS2 by ATF3 presents yet another mechanism by which ATF3 may act as an apoptopic
promoter.1® Most importantly, ATF3 has been shown to bind to and repress activity of the
cyclin D1 promoter, a protein that mediates G1 to S phase transition in the cell cyclel? (Fig.
2B). Taken together, these data indicate that depending on the context and type of cancer,
ATF3 may act as either an oncogenic or apoptotic mediator.

6. Role of ATF3 in maintenance of normal glucose homeostasis

ATF3 is induced in beta cells by many stimuli such as high glucose, fatty acids, reactive
oxygen species (ROS), and endoplasmic reticulum (ER) stress.#? Functionally, ATF3 is pro-
apoptotic in beta cells, mostly via repression of the pro-survival gene, IRS2.1° To study the
role of ATF3 in diabetes, Zmuda et a/. fed global A#3/~ mice a high-fat diet for 12
weeks.#! They found that A#£37~ mice had better glucose tolerance but unchanged insulin
resistance. There were no significant differences in insulin-stimulated Akt-phosphorylation
in fat pads and skeletal muscle or inflammation in adipose tissue. In addition, fasting and
non-fasting serum insulin levels were significantly lower in A#£37/~ mice. However, there
were no differences in beta cell mass, apoptosis, islet area or number.41 Further
investigations revealed that ATF3 specifically binds to the insulin promoter in INS-1 beta
cells and primary islets to increase its expression.#! Conversely, a study in pancreatic cell
lines found that ATF3 increased glucagon transcription, but had no effect on insulin
transcription.*2 In support of this finding, Wang et a/*3 discovered an alternatively spliced
isoform of ATF3, named ATF3b, which binds to the ATF/CRE site on the proglucagon gene
promoter and increases its transcription. While another study showed that cardiomyocyte-
specific knockout of ATF3 led to reduced peripheral glucose tolerance in high-fat diet-fed
conditions.4 Hartman et a/. further characterized the role of ATF3 in stress-induced p-cell
apoptosis.*®> They found that ATF3 expression in pancreatic islet cells was induced under
stress conditions and ameliorated in islets of A#£37~ mice.#® Increased ATF3 expression was
at least partly dependent on NF-xB and JNK pathways, both of which are stress-related
pathways implicated in diabetes.#® In addition, ATF3 expression was highly induced in
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pancreatic islets from patients with hyperinsulinemia and diabetes.*> Moreover, Zmude et
al*8 showed that islets from A#£3/~ mice display greater viability under Jn vitro stress
conditions. In addition, ATF3 increased apoptotic and inflammatory signaling in islet cells.
To investigate the role of pancreatic ATF3 Jn vivo, islets from Atf3/~mice and wild-type
mice were transplanted into C57BL/6J mice to develop a syngeneic transplantation mouse
model. Here, it was found that islets from A#37~ mice improved glucose homeostasis and
significantly lowered apoptosis and inflammation in syngeneic mice.#® This study suggests
that pancreatic ATF3 may play an important role in modulating glucose homeostasis. Lee et
al*" generated pancreas and hypothalamus-specific A#f3/~ mice by crossing floxed A#f3
mice with PdxZ-Cre mice. These mice display better glucose tolerance (likely due to
reduced food intake and increased energy expenditure) as plasma glucagon or insulin levels
were unchanged.*” They further showed that ATF3 regulates agouti-related protein (Agrp)
expression, and concluded that hypothalamic ATF3 is involved in regulating glucose and
energy metabolism in mice via Agrp regulation.*’

To investigate the specific role of the liver in maintaining glucose homeostasis, another
group generated liver-specific A#f33 transgenic mice under control of the transthyretin
(TTR) promoter.#8:49 The first batch of “founder” mice (7= 24) showed no detectable levels
of the Atf3transgene but transmitted the transgene to their offspring, which caused perinatal
lethality. Consequently, offspring were obtained by crossing founder mice with BALB/c
non-transgenic mice. These F1 hybrids survived almost 4 days, with some surviving up to 7
days. Since the TTR promoter may also be active in the pancreas, some F1 hybrids
expressed the Aff3transgene in the pancreas. Further, some F1 hybrids displayed severe
pancreatic defects, including missing islets. In F1 hybrids displaying mild defects, there was
abnormal distribution of hormone producing cells, with insulin producing cells at the
periphery instead of the center.#8 These mice showed a reduction in the number of all four
endocrine producing cells. The A#f3transgene was only expressed in pancreatic ducts where
mitosis of endocrine producing cells occurs. Investigation of the mitotic state of these cells
revealed significantly lower mitosis in the ductal epithelium of Aff2transgenic mice.*8 In
order to eliminate any contribution of pancreatic ATF3 to the phenotype, F1 hybrids
expressing the Atf3transgene in the pancreas were not included.*8 In addition, 77R-Atf3
transgenic mice showed elevated serum aspartate transaminase, alanine aminotransferase,
and bile acids, defects in conjugation and release of bilirubin, and reduced insulin, glucagon,
serum glucose, and white or brown adipose mass.4? ATF3 binds to an ATF/CRE site on the
gluconeogenic gene promoter, phosphoenoylpyruvate carboxylase (PEPCK), thus
suppressing its expression.#® These observations indicate that hepatic ATF3 suppresses
gluconeogenesis.

7. Role of ATF3 in maintenance of glucose homeostasis with chronic

ethanol feeding

Chronic ethanol consumption leads to reduced gluconeogenesis in response to increased
glucagon levels.®0 This is due to increased NADH, which reduces conversion of lactate to
pyruvate, a major substrate for gluconeogenesis. Chronic alcohol consumption also causes
B-cell dysfunction in the islets of Langerhans of the pancreas.®® This is manifested by
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reduced insulin secretion from p-cells, along with reduced gene expression of glucokinase,
glucose transporter (GLUT)-2, and insulin. Interestingly, ethanol consumption also increases
ATF3 expression in the pancreas and liver, most likely as a stress signal.>9 Targeted
disruption of ATF3 using small interfering RNAs leads to reversal of alcohol-dependent -
cell dysfunction, as well as glucokinase and insulin upregulation.5%:51 Down-regulation of
the pancreatic and duodenal homeobox factor-1 (PDX-1) gene acts as an important
contributor to type 2 diabetes. ATF3 binds to the PDX-1 promoter in -cells and suppresses
its transcription, thereby providing an additional mechanism by which ATF3 alters glucose
homeostasis.>2 Similarly, increased ATF3 after ethanol consumption leads to reduced
binding of PDX-1 to the glucokinase promoter.5%:52 Ethanol also reduced fasting blood
glucose levels by reducing recruitment of CREB and its co-activator, CREB regulated
transcription coactivator 2 (CRTC2), to gluconeogenic gene promoters and suppressing their
expression.>! Recruitment of CREB and CRTC2 to gluconeogenic promoters is dependent
on ATF3, as ATF3 silencing reversed these effects of ethanol in fasted mice and cultured
hepatocytes.®1 Altogether, these data suggest that ATF3 plays a critical role in the ethanol-
mediated glucose-lowering effect.

8. Role of ATF3 in diabetes and liver injury

In the fasted state, energy metabolism shifts from glucose oxidation to lipid breakdown in
adipose tissue, resulting in flux of free fatty acids from adipose tissue to the liver>3. When
blood glucose levels are low, circulating catecholamines turn on cAMP signaling and reduce
glucose uptake into adipocytes by reducing expression and translocation of the glucose
uptake gene, GLUT4. In addition, catecholamines also reduce adiponectin expression, which
is a key mediator of insulin sensitivity.>3 Meanwhile, the hepatic gluconeogenic program is
upregulated to maintain blood glucose levels. CREB mediates the effect of catecholamines
and other fasting hormones on gene expression. Once phosphorylated, CREB recruits
histone acetylase, CREB-binding protein (CBP), and CRTC to gene promoters.>3 In the
liver, CREB upregulates gluconeogenesis, while in adipose tissue it activates adipogenesis in
pre-adipocytes. CREB expression in white adipose tissue (WAT) is upregulated under obese
conditions.>® One study used adipocyte-specific CREB knockdown mice to investigate the
role of ATF3 in CREB-mediated repression of adiponectin and GLUTA4. It was found that
adipose-specific knockdown of CREB led to an increase in ATF3 expression in both obese
and high-fat diet-fed conditions.53 They further showed that ATF3 blocks transcription of
both adiponectin and GLUT4 by directly binding, and thus repressing promoter activities of
both genes in adipocytes. Additionally, expression of both adiponectin and GLUT4 is
induced in WAT of A3/~ mice under high fat diet-fed conditions.>3 These data indicate
that CREB promotes insulin resistance in WAT by increasing ATF3 expression, which in
turn suppress adiponectin and GLUT4 expression.

Tsai et al>* investigated the role of ryanodine receptor 3 (Ryr3) in regulating adiponectin
synthesis and secretion in adipose tissue. Knockdown of Ryr3 in the 3T3-L1 cell line, as
well as diabetes (ab/ db) mice, led to an increase in promoter activity, synthesis, and
secretion of adiponectin.>* In addition, in vivo ATF3 silencing led to improved insulin
sensitivity and reduced fasting blood glucose levels.>* Overexpression of ATF3 in the 3T3-
L1 cell line blocked the effect of RyR3 silencing on adiponectin, indicating that this latter
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effect is dependent on ATF3.54 Kim er a/® investigated the role of ATF3 in AMPK-
mediated amelioration of B cell dysfunction in obese Zucker diabetic fatty (ZDF) rats. They
showed that ATF3 was significantly induced in 19-week-old ZDF rats, along with increased
phosphorylation of AMP-activated protein kinase (AMPK), impaired glucose tolerance, and
increased B cell dysfunction in islet cells.>® These effects were reversed with chronic 5-
aminoimidazole-4-carboxamide ribonucleoside (AICAR) treatment and antioxidants.
Furthermore, it was found that while ATF3 does not directly affect AMPK phosphorylation,
it diminishes the role of AMPK in improvement of ER stress-mediated p cell dysfunction,
while ATF3 knockdown reverses this phenomenon.>® Additionally, ATF3 silencing
improved glucose homeostasis and reduced production of ROS and apoptosis.>® Taken
together, these data suggest that ATF3 may be a potential contributor to development of type
2 diabetes.

Diabetic patients have a higher chance of developing chronic liver disease and hepatocellular
carcinoma.®® Treatment with streptozotocin (STZ) is a standard method to induce p-cell
damage, and thus type 1 diabetes in animals.56 STZ-induced damage to B-cells is dependent
on signal transducer and activator of transcription 1 (STAT1), a known pro-apoptotic gene,
as this effect is completely abolished in StatZ~/~ mice.5® IFN-y-associated induction of
STAT1 leads to increased hepatic injury and apoptosis.>® Because there are limited data on
the mechanisms by which STAT1 signaling causes liver injury, one group hypothesized that
STZ-induced STAT1/IFN-y signaling caused liver injury via ATF3. Indeed, STZ treatment
upregulates IFN-y and STATL1 in diabetic liver injury, along with increased hepatic ATF3
expression.>® STZ-induced liver damage is dependent on STAT1 as StatZ™~ mice are
resistant to STZ-induced hepatic damage.>® Moreover, STZ-induced increase in hepatic
ATF3 expression was abolished in /f7~/~ mice but not StarZ/~mice. Nonetheless, STAT1 is
required for ATF3 translocation from the cytosol to the nucleus in hepatocytes.®8 In addition,
the C-terminal of ATF3 is required for IFN-y stimulated increase in STAT1 expression and
apoptosis. ATF3 stabilized STAT1 by preventing ubiquitination and proteasomal degradation
of STAT1 in hepatocytes.?® These data indicate that STZ-mediated diabetic liver injury may
result from increased ATF3 expression and subsequent STAT1 stabilization.

9. Role of ATF3 in hepatic steatosis

Hepatic steatosis results from dysregulated triglyceride synthesis, breakdown, and secretion.
Glucocorticoid (GC) therapy is prescribed to patients that have undergone organ transplant
to minimize the immune response, or even to patients in an inflammatory state due to a
pathological condition.>” One of the mechanisms through which GC inhibits inflammation is
to induce expansion of myeloid-derived suppressor cells (MDSC), which in turn suppress
other immune cells.>® Expansion of MDSC is also observed in high-fat diet-fed
conditions.®’ In addition to inhibiting inflammation, GC therapy causes unwanted side
effects, such as liver steatosis and hyperglycemia. To investigate the relationship between
GC-induced hepatic steatosis and MDSC, gene expression analysis was performed using
MDSC derived from the liver of GC-treated mice. It was found that ATF3 expression was
significantly reduced in GC-treated MDSC.57 Interestingly, GC failed to induce hepatic
steatosis and MDSC accumulation in the liver of A#£3/~ mice. When MDSC from GC-
treated WT mice and A3/ ~mice were transplanted into WT mice, both significantly
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increased lipid accumulation in recipient liver compared with vehicle-treated WT and
Atf3!= controls. It was also found that glucocorticoid receptors (GR) directly bind to and
repress promoter activity of ATF3 in primary MDSC isolated from bone marrow, spleen, or
liver.5” In Atf3”~ mice, the proportion of immature myeloid cells to mature myeloid cells
was significantly lower,%” suggesting that ATF3 promotes MDSC development. Further
investigations revealed significantly induced expression of S100A9 (which is involved in
myeloid cell differentiation) in A3/~ mice. Therefore, ST00A9 was identified as a unique
downstream target of ATF3 in MDSC, and silencing S100A9 significantly alleviated GC-
induced hepatic steatosis phenotype.>’ These data indicate that upon GC activation, GR
binds to the ATF3 promoter and represses its expression, resulting in induction of S10049
and subsequent expansion and differentiation of MDSC and hepatosteatosis.>’

Under diabetic and obese conditions, the liver packages excess triglycerides and cholesterol
with ApoB into very low-density lipoprotein (VLDL) particles for secretion into the
bloodstream. Sortilin 1 (Sort1) has recently been shown to increase post-transcriptional
modification of ApoB, possibly by sending it to the proteasome for degradation, and thus
reducing hepatic VLDL secretion.>® To investigate the role of ER stress in regulation of
Sortl expression, mice were injected with either DMSO or tunicamycin, a known ER stress
inducer. In addition to inducing other ER stress-related proteins, tunicamycin increased Atf3
expression and reduced Sort1 expression.>® Further investigations revealed that ATF3 binds
to the Sortl promoter and reduces its expression. Use of siAtf3 in obese (o6l 0b) mice
showed increased Sortl expression and reduced triglyceride and ApoB secretion.>® These
data indicate that ATF3 may regulate hepatic VLDL secretion via the SORT1-ApoB
pathway in obl ob mice.

10. Conclusions

In summary, ATF3 plays important roles in regulating the immune response, cancer
development, and glucose homeostasis. While at present, the role of ATF3 in liver injury is
not well characterized, and there is no definite consensus on whether ATF3 regulates hepatic
triglyceride levels. Given that ATF3 has a profound effect on repressing inflammation, it is
tempting to speculate that ATF3 plays a role in pathogenesis of fatty liver disease. Moreover,
current studies suggest that ATF3 may act as an oncogene or tumor suppressor, depending
on the tissue. ATF3 also appears to have differing effects on glucose homeostasis: ATF3
inhibits gluconeogenesis in the liver, but down-regulates expression of GLUT4 and
adiponectin in adipose tissue. The role of pancreatic ATF3 in glucose homeostasis is
controversial, yet hypothalamic ATF3 appears to regulate glucose homeostasis by
modulating food intake and energy metabolism (Fig.3). The role of ATF3 in macrophage
foam cell formation is well defined, and studies have suggested that macrophage ATF3
protects against atherosclerosis. To better understand the role of ATF3 in immune responses,
cancer development, and metabolic regulation, it is essential to use tissue-specific gain- or
loss-of-function approaches in the future.
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Fig.1. ATF3 is a negative regulator of the inflammatory response
Protein expression of ATF3 is maintained at low levels in non-stimulated immune cells.

There is rapid induction of ATF3 upon activation

e.g., by cytokines, toll-like receptors

(TLRs). ATF3 forms dimers and binds to its consensus binding sequence, TGACGTCA, on
the promoter of nuclear factor-xB (NF-xB), resulting in repression of its expression, as well
as downstream targets (A). In activated T-lymphocytes, ATF3 forms a heterodimer with
JunB, an AP-1 family protein. This heterodimer then directly binds to the promoter of

cytokines such as interleukin (IL)-4, IL-5, and IL-

13 to inhibit their expression (B).
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Fig.2. ATF3 functions as an oncogene or tumor suppressor
ATF3 may function as an oncogene by suppressing the pro-apoptotic gene, growth arrest and

DNA damage-inducible protein (GADD153) (A), or a tumor suppressor by inhibiting the
pro-survival genes, inhibitor of DNA binding 1 (Id1), insulin receptor substrate 2 (IRS2),

and cyclin D1 (B).
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Fig.3. Role of ATF3 in metabolic regulation
ATF3 appears to have distinct functions in different tissues. The role of ATF3 in the

pancreas is controversial. In the liver, ATF3 inhibits gluconeogenesis and sortilin 1, and
increases apolipoprotein B (ApoB) secretion. In adipose tissue, ATF3 may cause insulin
resistance by inhibiting glucose transporter 4 (Glut4) and adiponectin expression. Loss of
hypothalamic ATF3 inhibits agouti-related protein (Agrp) expression and food intake, and
increases energy metabolism. In macrophages, ATF3 inhibits cholesterol 25-hydroxylase
and inflammation, resulting in reduced foam cell formation.
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