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Activating transcription factor 3 (ATF3) gene encodes a member of the ATF family of transcription factors and
is induced by various stress signals. All members of this family share the basic region-leucine zipper (bZip)
DNA binding motif and bind to the consensus sequence TGACGTCA in vitro. Previous reviews and an Internet
source have covered the following topics: the nomenclature of ATF proteins, the history of their discovery, the
potential interplays between ATFs and other bZip proteins, ATF3-interacting proteins, ATF3 target genes, and
the emerging roles of ATF3 in cancer and immunity (see footnote 1). In this review, we present evidence and
clues that prompted us to put forth the idea that ATF3 functions as a “hub” of the cellular adaptive-response
network. We will then focus on the roles of ATF3 in modulating inflammatory response. Inflammation is increas-
ingly recognized to play an important role for the development of many diseases. Putting this in the context of
the hub idea, we propose that modulation of inflammation by ATF3 is a unifying theme for the potential
involvement of ATF3 in various diseases.
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ACTIVATING TRANSCRIPTION FACTOR 3 cific. The common feature for all the ATF3-inducing
stimuli reported in the 1990s was their ability to dam-(ATF3) AS A HUB OF THE CELLULAR

ADAPTIVE-RESPONSE NETWORK age cells; thus, we referred to ATF3 as a stress-induc-
ible gene (25). However, with the wide use of cRNA

ATF3 as a Hub
array, the list of stimuli that can induce ATF3 expres-
sion continued to grow and the term stress-inducibleOverwhelming evidence indicates that ATF3 ex-

pression is upregulated by a variety of signals: its gene no longer encompassed all the stimuli that can
induce ATF3. Some of the ATF3-inducing stimuli,steady-state mRNA level is low or nondetectable in

most cell lines and tissues, but greatly increases upon such as adipokines and G1 to S transition, do not fit
the traditional definition of stress. Thus, we suggestedstimulation at early stage (usually within hours) of

induction (21,25). One striking feature is that the in- that an adaptive-response gene is a better term to de-
scribe ATF3 (21). Expanding on this idea, we nowduction of ATF3 is neither stimulus nor cell type spe-

1For nomenclature, history, and interplay with other bZip proteins, see (21,22,24,25); for interacting proteins and target genes, see (48);
for ATF3 in cancer and immunity, see (64).
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put forth the idea that ATF3 is a hub of the cellular Buster program revealed clusters of transcription fac-
tor binding sites on all three of them. However, theadaptive-response network to respond to signals per-

turbing homeostasis. The following lines of evidence cluster for P2 is more proximal to the transcriptional
start site (TSS) than the clusters for P1 and the puta-and clues prompted this idea.
tive promoter (at −2 kb). We also analyzed the ATF3
gene region (spanning between the genes immedi-The Signaling Pathways. In addition to the broad

spectrum of stimuli that can induce ATF3 (reviewed ately upstream or downstream from ATF3) using the
CpG Island Searcher program (61) and found poten-previously), various signaling pathways have been

linked to ATF3. Figure 1A shows a schematic repre- tial CpG islands covering the exon immediately
downstream from the P2 promoter, designated as A2sentation. In making this figure, we excluded the re-

ports that are only correlative in nature and focused in this review (Fig. 2). The primary sequence of exon
A2 between human and mouse is �72% homologouson the reports that demonstrated the link by either

gain-of-function or loss-of-function approach, or both. and the CpG islands are conserved. It is intriguing
that no matter which promoter is utilized, the result-
ing open reading frame is the same. This is becauseThe ATF3 Promoters. In 1996, we reported that

an approximately 2-kilobase (kb) fragment of the hu- the first methionine codon is located in the second
exon (exon B); thus, transcription from different pro-man ATF3 promoter responded to stress signals in a

reporter assay (40). Since then, this fragment has moters gives rise to different first exons. These un-
translated regions (5′ UTR) may provide differentbeen used as the so-called “full-length” ATF3 pro-

moter. However, as with all reporter assays, caveats regulation of translational initiation. Using a transla-
tional reporter assay, Miyazaki et al. showed thatmust be taken in the interpretation of data derived

from this reagent. This 2-kb fragment by no means exon A1 (derived from the P1 promoter) is regulated
by stress signals (49). Taken together, ATF3 is regu-contains all the regulatory elements controlling ATF3

promoter activity, and the lack of chromosomal struc- lated by many transcription factors via multiple pro-
moters, and can potentially be regulated by both CpGture in the reporter assay is another limitation. Never-

theless, inspection of the sequence revealed that this islands and at the translational level. All these sug-
gest that ATF3 acts as an integration point for a vari-fragment is packed with transcription factor binding

sites, many of which are recognized by factors down- ety of controls, supporting the hub idea.
stream of the signaling pathways shown in Figure
1A, consistent with the idea that ATF3 is a down- Potential Posttranslational Modifications. Amino

acid sequence analyses of ATF3 revealed many po-stream target of these pathways. We highlighted
some of the binding sites in Figure 1B. tential sites for modification. Table 1 lists some of

them based on the known consensus sequence. InWith the completion of genomic sequencing and
the availability of expressed sequence tags (ESTs), making the table, we only considered four residues:

(i) serine, threonine, and tyrosine residues—potentialtwo potential promoters in addition to the one we re-
ported in 1996 have been denoted on the ATF3 Ge- phosphorylation sites, and (ii) lysine residue—poten-

tial sites for acetylation, methylation, ubiquitination,nome Browser sites: one �2 kb upstream from the
original promoter and the other one �43 kb upstream and sumoylation. We emphasize that they are listed

here as a reference, not to imply any experimentalin the human ATF3 gene (�35 kb for the mouse
ATF3 gene) (37). Recently, Miyazaki et al. provided evidence or functional significance, because rigorous

evidence to address these issues is lacking. Neverthe-experimental data supporting the biological relevance
of the −43 kb promoter (49). They showed that serum less, it is interesting to note that ATF3 has 21 serine/

threonine, 1 tyrosine, and 17 lysine residues, account-stimulation primarily upregulates this promoter, with
slight induction of the original promoter. Interest- ing for �20% of the molecule (39 out of 181 resi-

dues). This abundance of potential posttranslationalingly, this promoter is constitutively active in several
cancer cell lines and contributes to the high levels of modification sites is consistent with the hub idea that

ATF3 is a target for regulation by many signalingATF3 protein in these cells (49). Figure 2 shows a
schematic of the mouse ATF3 gene structure with pathways.
multiple promoters. According to the nomenclature
by Miyazaki et al. (49), the −35 kb promoter is de- The Context Dependency of the Hub
noted as P1 and the original promoter P2. The −2 kb
promoter is indicated as putative without a designa- Taken together, ATF3 functions as an early re-

sponder to link various signaling pathways to down-tion, because it is not clear whether it is a true pro-
moter. stream events, resulting in the alteration of cellular

bioactivity. By its nature as an immediate-early gene,Analyses of all three promoters using the Cluster-
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Figure 1. ATF3 as a hub of the cellular adaptive-response network. (A) Various signaling pathways were linked to ATF3 induction by gain-
of-function or loss-of-function approach, or both. Numbers in parentheses indicate the references. Due to space limitations, the citation is
not comprehensive and we apologize to those whose work is not cited here. LPS, lipopolysaccharide. (B) Analyses of the two kb region of
the most proximal promoter (designated as P2 in Fig. 2) by several programs (Jaspar, MotifMogul, PROMO) (9,12,16) revealed numerous
transcription factor binding sites.
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Figure 2. A schematic of the mouse ATF3 gene structure. Arrows indicate the transcriptional start site (TSS); open boxes indicate exons
and lines between the boxes represent introns. The P1, P2, and a putative promoter are indicated (see text for description). The P2 promoter
has multiple start sites, resulting in variable size of exon A2. The end of exon E is indicated by a dotted line, because the transcriptional
termination site is not clear. For the purpose of illustration here, it is arbitrarily defined as the point where polyA is added. CpG islands
identified by the CpG Island Searcher program (61) is indicated by the gray dotted line. Note that the figure is not proportional to scale and
the intron between exons A2 and B is about 5 kb. Met: methionine. *: Termination condon. The human ATF3 gene has similar genomic
organization and CpG islands spanning exon A2.

ATF3 has far-reaching effects. Immediate-early genes normal conditions (27). Thus far, all phenotypes de-
scribed for ATF3 deficiency were revealed when theencode transcription factors and are known to turn

on/off genes encoding transcription factors, which in KO mice or cells were examined under stimulation.
Thus, ATF3 is apparently not essential for embryonicturn regulate downstream genes, leading to a cascade

of changes in transcriptional programs. We note that, development, despite the importance of cellular re-
sponse to intra- and extracellular cues during thisdespite the involvement of ATF3 in various path-

ways, ATF3 knockout (KO) mice develop normally process. Therefore, if the hub concept is correct,
ATF3 is a context-dependent hub.and do not display any discernable phenotypes under

TABLE 1
REGULATION OF INFLAMMATORYSOME POTENTIAL POSTTRANSLATIONAL

MODIFICATION SITES ON ATF3 RESPONSE BY ATF3

Enzyme/ Putative Site(s) Regulation of Inflammatory Genes by ATF3
Modification Consensus Motif on ATF3 Ref. in Immune Cells

Akt RXRXX(S/T) CHRMSS60 51 Recently, ATF3 was shown to play an important
AMPK IXHRXSXXEI LCHRMS59 20 role in innate immunity [see a review (64)]. Using a

MKKSXSXXDV combination of systems biology and molecular biol-
LRRVXSXXNL ogy approaches, Aderem and colleagues identified

CK1 (pS/pT)XX(S/T) TLQS181 15 ATF3 to be a negative regulator of the Toll-like re-
ceptor 4 (TLR4) signaling in macrophages (19). Acti-CK2 (S/T)XX(E/D) S10ASE 69

S60ALE vation of TLR4 by lipopolysaccharide (LPS) induces
T162PED the expression of ATF3, which in turn dampens the

expression of various inflammatory genes induced byGSK (S/T)XXX(pS/pT) S24PPGS 14,54
S60ALES TLR4 signaling, including IL-6, IL-12b, and TNF-
S64VTVS α. This dampening effect is protective to the whole

MAPK (S/T)P S24P 58 organism in the LPS-induced septic shock model:
T38P ATF3 KO mice succumbed to death upon high-dose
T162P LPS injection (20 mg/kg body weight) with a faster

Sumoylation ΨKX(D/E) VK42EE 65 and higher frequency than wild-type (WT) mice. This
LK136NE is echoed in a low-dose LPS injection (50 µg/kg body
IK175EG weight) model that induces febrile response: ATF3

KO mice had higher body temperature than the WTThe references listed here are for the consensus motifs, not for
potential modification of ATF3. Ψ: any hydrophobic residue. mice (62). Thus, by dampening the expression of pro-
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TABLE 2inflammatory genes, ATF3 prevents the immune sys-
REGULATION OF GENES ENCODING CYTOKINES, CHEMOKINES,

tem from overreacting. Strikingly, this effect is not AND OTHER IMMUNE-MODULATING MOLECULES BY ATF3

limited to TLR4 signaling; ATF3 acts as a negative
Gene Cell Type(s) Ref.regulator in TLR2/6, TLR3, TLR4, TLR5, TLR7, and

TLR9 signaling in macrophages, as shown by Wil- Cytokines
liams and colleagues (68). ATF3 also plays a similar IL-1β Islets 76
role in dendritic cells (68)—the major antigen pre- IL-4 CD4+ T cells 17
senting cells (APCs) of the mammalian immune Mast cells 18
system. In addition to suppressing cytokine gene ex-

IL-5 CD4+ T cells 17
pression, ATF3 suppresses the expression of the

IL-6 Islets 76chemokine gene CCL4 (MIPβ) in macrophages (35).
Mouse embryonic fibroblast 62

All the above studies used the loss-of-function ap- Macrophages 19,62
proach. A recent study took a gain-of-function ap- Mast cells 18

Dendritic cells 68proach and showed that peritoneal macrophages ex-
Whole lung 1pressing the ATF3 transgene driven by the scavenger

receptor-A (SR-A) promoter had lower TNF-α mRNA IL-10 Dendritic cells 68
level than the nontransgenic counterpart (60), a result IL-12b Macrophages 19
that is consistent with the above data using the loss- Dendritic cells 68

Whole lung 1of-function approach. Table 2 summarizes these gene
expression results. We note that the number of innate IL-13 CD4+ T cells 17
immunity genes regulated by ATF3 in macrophages

IFN-γ Natural killer 57
is much higher than those listed in the table. Using CD4+ T cells 13
systems biology approach combined with ChIP-on- Whole lung 1
chip and microarray data, Aderem and colleagues re-

TNF-α Islets 76
vealed that ATF3 may modulate a wide array of Macrophages 19,60
genes in macrophages (38,41). Due to the long list of Dendritic cells 68

Splenocytes 68genes, they are not listed here.
In addition to macrophages, ATF3 also represses TGF-β Epithelial cells 73

Chemokinesthe expression of various cytokine and chemokine
CCL2 Islets 76genes in other immune cells under various stress

models (Table 2). These include natural killer (NK) CCL2, 7, 8, 11 Whole lung 17
cells in a mouse cytomegalovirus (MCMV)-infection CCL4 Macrophages 35
model (57), CD4+ T cells in an ovalbumin-induced Whole lung 1
asthma model (17), and mast cells in a differentiation

CCL5 Mouse embryonic fibroblast 62
model (18). Using a ventilation-induced lung injury Macrophages 7
model, dos Santos and colleagues showed that ATF3

CXCL1, 2, 5 Whole lung 17
KO mice had increased lung injury, increased cell

CX3CL1 Mouse embryonic fibroblast 62infiltration and proinflammatory cytokines in the
CXCL16 Mouse embryonic fibroblast 62lung (1). Thus, ATF3 again functions as a negative

Otherregulator; however, the immune cell types in which
iNOS Macrophages 19ATF3 plays a role in this model are not specifically

Mouse embryonic fibroblast 62
addressed in the report.

Adiponectin 3T3-L1 adipocytes 36Taken together, it is clear that ATF3 plays a role
in a broad range of immune cells. Here, we note two
interesting lessons from these and other studies. (a)
The action of ATF3 is context dependent. As an ex- ing of the immune response by ATF3 reduces inflam-

mation and is beneficial to the host. Similarly, Wil-ample, ATF3 represses the expression of the IFN-γ
gene in NK cells (57) but not in CD4+ T cells (17); liams and colleagues showed that WT mice regained

their body weight faster than the ATF3 KO micein addition, it represses the expression of TNF-α in
macrophages (19,68) but not in NK cells (57). The upon influenza virus infection (68), suggesting a ben-

eficial role of ATF3 to the host. However, ATF3 ap-difference could be due to the different cell types or
the different stress signals used to induce ATF3 in pears to be detrimental to the host in the context of

the MCMV-infection model, where the WT mice de-these models. (b) The functional consequences of
ATF3 for the whole organism vary, depending on the veloped higher hepatic viral load and more severe

liver histopathology (57). In this model, NK cellsmodel. In the LPS-induced septic shock (19) and
ovalbumin-induced asthma models (17), the dampen- play an important role in controlling the viral load by
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secreting IFN-γ, and the ability of ATF3 to repress (a) One lesson from various studies involving im-
mune cells is that they are a heterogeneous populationIFN-γ gene expression hampers the ability of the host

to fight against MCMV infection. Thus, as a built-in of cells. As an example, macrophages were grouped
into type 1 and type 2 macrophages (M1 vs. M2), de-brake, ATF3 can dampen the deleterious effects of

prolonged innate immune response. However, the pending on their gene expression (45). However, an
emerging picture is that this M1/M2 polarization is anprice for this feedback brake is that it weakens the

host defense system, making it more vulnerable under overly simplified framework. A more nuanced view is
that macrophages are a heterogeneous population ofcertain conditions. This underscores the double-edge

sword nature of ATF3. cells with a continuum of functional states in which
M1 and M2 represent the extremes of the spectrum

Regulation of Inflammatory Genes by ATF3 (45). With this as a backdrop, we propose the follow-
in Nonimmune Cells ing role of ATF3 in immune modulation. As a hub

of cellular adaptive-response network and as a masterAlthough immune cells are well recognized to be
transcription factor regulating a wide array of immunethe major source of cytokines and chemokines, non-
response genes, ATF3 is a key modulator of local andimmune cells can also produce them. In fact, it ap-
systemic inflammation in order to help cells respond/pears that all cell types have the potential to produce
adapt to disturbance of homeostasis. Because it canthem under proper conditions. Thus, it is interesting
positively or negatively regulate the functional state orto note that ATF3 has also been demonstrated to
bioactivity of various immune and nonimmune cells,modulate the expression of various cytokines and
the net effect of ATF3 will be complex. Thus, althoughchemokines in nonimmune cells. Nakai and col-
characterizing ATF3 as pro- or anti-inflammatory hasleagues demonstrated that ATF3 mediates heat shock-
its utility, it is likely to be too simplistic. A more nu-induced repression of IL-6, CCL5 (RANTES),
anced view is that ATF3 is an immune modulator thatCXCL16, and other genes in mouse embryonic fibro-
functions in a context-dependent manner. It may beblasts (62). Recently, we found that ATF3 regulates
pulling the immune response in all different directionsthe expression of IL-1β, IL-6, TNF-α, and CCL2
and could paradoxically enhance and inhibit inflamma-(MCP-1) in the pancreatic islets upon stress stimula-
tion simultaneously by regulating various target genes.tion (76). However, ATF3 upregulates, rather than
The final readout or functional consequence to the hostdownregulates, their expression. One implication is
will differ depending on the nature of the stress condi-that ATF3 would be proinflammatory in this context,
tions (such as the type and duration of the stress) andopposite from the anti-inflammatory function shown
the target tissue/cell types that the stress signals affect.in other systems. Consistent with this idea, WT islets

(b) Low-grade, chronic systemic inflammation hasare more effective in recruiting macrophages than the
been associated with many diseases, especially chronicATF3 KO islets upon transplantation or in an in vitro
diseases such as obesity/metabolic syndrome, athero-recruitment assay (76). Because IL-1β, IL-6, and
sclerosis, heart disease, arthritis, cancer, and Alzhei-TNF-α can induce the expression of ATF3, this
mer’s disease (6,10). Interestingly, a survey of themeans that ATF3 forms a positive feedback loop with
literature indicates that ATF3 is implicated in a diver-these cytokines to amplify them. The proinflamma-
sity of diseases based on the following criteria: (i)tory function of ATF3 is also implied by a finding
deficiency (knockout mice) or ectopic expressionusing adipocytes, where ATF3 was shown to repress
(transgenic mice or injection models) of ATF3 causesthe expression of adiponectin (36). Adiponectin en-
disorders in animal models, and (ii) expression ofcodes a cytokine-like hormone with anti-inflamma-
ATF3 in human samples is associated with certaintory effects (53); thus, its downregulation by ATF3
diseases. Tables 3 and 4 summarize some of thesepoints to a proinflammatory role of ATF3 (see more
papers. Considering the importance of inflammationbelow). Table 2 summarizes these results.
in disease development, we speculate that the ability
of ATF3 to modulate inflammatory response genes—

IS MODULATION OF INFLAMMATION either in the immune cells or nonimmune cells—is a
A KEY COMPONENT FOR THE ROLES key component for the potential implication of ATF3

OF ATF3 IN VARIOUS DISEASES? in various diseases.
Taken together, ATF3 modulates the expression of

various genes regulating inflammatory response in
both immune cells and nonimmune cells. Although FUTURE PERSPECTIVES
much more investigation is required, based on the
current literature we propose the following specula- The cDNA for ATF3 was first isolated more than

two decades ago (23). Despite its well-documentedtion on ATF3.
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TABLE 3
PLEIOTROPIC EFFECTS OF ATF3 REVEALED BY MOUSE MODELS THAT MODULATE THE EXPRESSION OF ATF3

Ref.

Gain-of-function
Deleterious effects of ATF3 expression in various tissues

Transgenic mice expressing ATF3 in the liver and pancreas (by the transthyrectin promoter) displayed liver dysfunction and
defects in glucose homeostasis 2,3

Transgenic mice expressing ATF3 in the islets (by the PDX promoter) had small, abnormal islets and defects consistent with
β-cell deficiency 27

Transgenic mice expressing ATF3 in the pancreatic β-cells (by the rat insulin promoter) had reduced β-cell mass and defects
in glucose homeostasis 39

Transgenic mice expressing ATF3 in the heart (by the α-myosin heavy chain promoter) displayed conduction abnormalities
and contractile dysfunction 52

Oncogenic effects of ATF3*
Transgenic mice expressing ATF3 in the basal epithelial cells (by the bovine cytokeratin 5 promoter) developed epidermal

hyperplasia, oral carcinoma, and mammary carcinomas (in biparous mice) 66,67
Ectopic expression of ATF3 in prostate cancer cells (AT2.1) increased their metastatic potential in a subcutaneous injection

model using SCID mice 4
Ectopic expression of ATF3 in breast cancer cells (MCF10CA1a) increased their tumor initiation frequency as assayed by

serial dilution combined with subcutaneous injection into nude mice 73
Ectopic expression of ATF3 in keratinocytes (HKC and SCC cells) reduced the expression of p53 and senescence-associated

genes, and increased their tumorigenicity upon injection into the SCID mice 70
Ectopic expression of ATF3 in melanoma cells (B16F1) increased their lung colonization ability in an intravenous injection

model using the syngeneic C57BL/6 mice 30
Antioncogenic effects of ATF3*

Ectopic expression of ATF3 in colon cancer cells (HCT-116) reduced primary tumor growth in a subcutaneous injection
model using nude mice 8

Loss-of-function
Inhibition of overreactive inflammatory response in the organisms by ATF3 due to its immune suppression effects

ATF3 KO mice demonstrated increased airway hyperresponsiveness and pulmonary inflammation in response to allergen 17
ATF3 KO mice demonstrated delayed recovery from an intranasal model of influenza A infection 68
ATF3 KO mice showed increased sensitivity to ventilator-induced lung injury 1
ATF3 KO mice displayed a hyperinflammatory response and rapidly succumb to death upon LPS-induced septic shock 19

Increased vulnerability of the organisms to infection by ATF3 due to its immune suppression effects
ATF3 KO mice displayed decreased viral load in a MCMV infection model 57

Oncogenic effect of ATF3*
Knockdown of ATF3 in Ras-transformed keratinocytes reduced the tumor-promoting effect of cyclosporin A, a calcineurin

inhibitor 70
ATF3 antisense treatment of mice subcutaneously injected with colon cancer cells (HT29) resulted in reduced tumor growth

and longer survival time 29
Antioncogenic effect of ATF3*

Upon Ras transformation, immortalized ATF3 KO MEFs had enhanced tumorigenicity than the WT counterpart 44
Beneficial effects of ATF3 in the adaptation of β-cells to metabolic demands

ATF3 KO mice displayed increased glucose intolerance upon high-fat diet feeding, presumably due to the decreased ability
of their pancreatic β-cells to produce insulin and thus decreased ability to cope with higher metabolic demands 75

See text for the criteria for inclusion. The consequences of ATF3 expression are pleiotropic; in addition, they may vary depending on the
context of the cell types and stress models. MEF, mouse embryonic fibroblasts.
*ATF3 can be either oncogenic or antioncogenic, depending on the models used. This dichotomy is reminiscent of the dichotomous roles
of TGF-β in cancer development (11,46,56). Although the mechanisms behind the ATF3 dichotomy are not well understood, one potential
mechanism is the degree of malignancy: in a pair of isogenic mammary epithelial cell lines, ATF3 enhances apoptosis in the untrans-
formed cells, but protects the aggressive derivative cells from stress induced deleterious effects and enhances their cell motility and inva-
siveness in vitro (72).

induction by various stimuli and its function as a tion of important amino acid residues, the potential
roles of posttranslational modifications, and ATF3-transcription factor, the mechanism of ATF3 ac-

tions—at the molecular level—is not well under- interacting proteins. Increasing our understanding in
these areas can help us develop tools to modulatestood. Considering its emerging roles in immune re-

sponse and its implication in many diseases, the ATF3 and thus fine-tune its action. This, in turn, may
help us design therapeutic agents to prevent or treatmechanism of ATF3 actions is an important issue to

address. Areas to investigate include the identifica- various diseases.
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TABLE 4
IMPLICATION OF ATF3 IN HUMAN DISEASES

Disease Association With ATF3 Ref.

Hypospadias IHC of 48 human penile skin tissues revealed ATF3 upregulation in those with hypospadias 42

Genotyping of 710 human patient samples revealed that the disorder is strongly associated with
SNPs located within intron 1 of the atf3 gene 5

Diabetes IHC of pancreata from patients with type 1 or type 2 diabetes indicated elevated expression of
ATF3 in the pancreatic β-cells 27

Cancer
Prostate IHC of 64 human prostate cancers revealed a strong positive correlation between nuclear ATF3 ex-

pression and bone metastasis 4

IHC of 39 human prostate cancers revealed no ATF3 expression in benign samples and strong
ATF3 expression in all malignant samples 55

Breast Immunoblot analysis of 48 human breast cancers revealed that ATF3 expression is higher in the tu-
mor than in the adjacent nontumor tissue in �50% of the cases 72

IHC of 127 tumor microarray cores showed strong nuclear stain of ATF3 in �18% of the samples 67

SCC IHC of tissue microarrays from patients with cutaneous SCCs showed elevated expression of ATF3
by the calcineurin inhibitor cyclosporin A, an agent that is commonly used to treat organ transplant
patients but significantly increases cancer risk 70

Hodgkin lymphoma IHC of 415 human lymphoma samples revealed that ATF3 is strongly expressed in almost all cases
of classical Hodgkin lymphoma, but rarely in all other lymphomas assessed 32

IHC, immunohistochemistry; SCC, squamous cell carcinoma; SNP, single nucleotide polymorphish.

REFERENCES

1. Akram, A.; Han, B.; Masoom, H.; Peng, C.; Lam, E.; 7. Boehlk, S.; Fessele, S.; Mojaat, A.; Miyamoto, N. G.;
Werner, T.; Nelson, E. L.; Schlondorff, D.; Nelson,Litvak, M.; Bai, X.; Shan, Y.; Hai, T.; Batt, J.; Slutsky,

A. S.; Zhang, H.; Kuebler, W. M.; Haitsma, J. J.; Liu, P. J. ATF and Jun transcription factors, acting through
an Ets/CRE promoter module, mediate lipopolysaccha-M. dos Santos, C. C. Activating transcription factor 3

confers protection against ventilator induced lung in- ride inducibility of the chemokine RANTES in mono-
cytic Mono Mac 6 cells. Eur. J. Immunol. 30:1102–jury. Am. J. Respir. Crit. Care Med. 182:489–500; 2010.

2. Allen-Jennings, A. E.; Hartman, M. G.; Kociba, G. J.; 1112; 2000.
8. Bottone, Jr., F. G.; Moon, Y.; Kim, J. S.; Alston-Mills,Hai, T. The roles of ATF3 in glucose homeostasis: A

transgenic mouse model with liver dysfunction and de- B.; Ishibashi, M. Eling, T. E. The anti-invasive activity
of cyclooxygenase inhibitors is regulated by the tran-fects in endocrine pancreas. J. Biol. Chem. 276:

29507–29514; 2001. scription factor ATF3 (activating transcription factor
3). Mol. Cancer Ther. 4:693–703; 2005.3. Allen-Jennings, A. E.; Hartman, M. G.; Kociba, G. J.;

Hai, T. The roles of ATF3 in liver dysfunction and the 9. Bryne, J. C.; Valen, E.; Tang, M. H.; Marstrand, T.;
Winther, O.; da Piedade, I.; Krogh, A.; Lenhard, B.;regulation of phosphoenolpyruvate carboxykinase gene

expression. J. Biol. Chem. 277:20020–20025; 2002. Sandelin, A. JASPAR, the open access database of
transcription factor-binding profiles: New content and4. Bandyopadhyay, S.; Wang, Y.; Zhan, R.; Pai, S. K.;

Watabe, M.; Iiizumi, M.; Furuta, E.; Mohinta, S.; Liu, tools in the 2008 update. Nucl. Acids Res. 36:D102–
106; 2008.W.; Hirota, S.; Hosobe, S.; Tsukada, T.; Miura, K.;

Takano, Y.; Saito, K.; Commes, T.; Piquemal, D.; Hai, 10. Coussens, L. M.; Werb, Z. Inflammation and cancer.
Nature 420:860–867; 2002.T.; Watabe, K. The tumor metastasis suppressor gene

Drg-1 down regulates the expression of ATF3 in pros- 11. Derynck, R.; Akhurst, R. J.; Balmain, A. TGF-beta sig-
naling in tumor suppression and cancer progression.tate cancer. Cancer Res. 66:11983–11990; 2006.

5. Beleza-Meireles, A.; Tohonen, V.; Soderhall, C.; Nat. Genet. 29:117–129; 2001.
12. Farre, D.; Roset, R.; Huerta, M.; Adsuara, J. E.;Schwentner, C.; Radmayr, C.; Kockum, I.; Nordensk-

jold, A. Activating transcription factor 3: A hormone Rosello, L.; Alba, M. M.; Messeguer, X. Identification
of patterns in biological sequences at the ALGGENresponsive gene in the etiology of hypospadias. Eur. J.

Endocrinol. 158:729–739; 2008. server: PROMO and MALGEN. Nucl. Acids Res. 31:
3651–3653; 2003.6. Berg, A. H.; Scherer, P. E. Adipose tissue, inflamma-

tion, and cardiovascular disease. Circ. Res. 96:939– 13. Filen, S.; Ylikoski, E.; Tripathi, S.; West, A.; Bjork-
man, M.; Nystrom, J.; Ahlfors, H.; Coffey, E.; Rao,949; 2005.



ATF3 IN PATHOGENESIS OF DISEASES 9

K. V.; Rasool, O.; Lahesmaa, R. Activating transcrip- 27. Hartman, M. G.; Lu, D.; Kim, M. L.; Kociba, G. J.;
Shukri, T.; Buteau, J.; Wang, X.; Frankel, W. L.;tion factor 3 is a positive regulator of human IFNG

gene expression. J. Immunol. 184:4990–4999; 2010. Guttridge, D.; Prentki, M.; Grey, S. T.; Ron, D.; Hai,
T. Role for activating transcription factor 3 in stress-14. Fiol, C. J.; Wang, A.; Roeske, R. W.; Roach, P. J. Or-

dered multisite protein phosphorylation. Analysis of induced beta-cell apoptosis. Mol. Cell. Biol. 24:5721–
5732; 2004.glycogen synthase kinase 3 action using model peptide

substrates. J. Biol. Chem. 265:6061–6065; 1990. 28. Inoue, K.; Zama, T.; Kamimoto, T.; Aoki, R.; Ikeda,
Y.; Kimura, H.; Hagiwara, M. TNFalpha-induced15. Flotow, H.; Graves, P. R.; Wang, A. Q.; Fiol, C. J.;

Roeske, R. W.; Roach, P. J. Phosphate groups as sub- ATF3 expression is bidirectionally regulated by the
JNK and ERK pathways in vascular endothelial cells.strate determinants for casein kinase I action. J. Biol.

Chem. 265:14264–14269; 1990. Genes Cells 9:59–70; 2004.
29. Ishiguro, T.; Nagawa, H. ATF3 gene regulates cell16. Frith, M. C.; Fu, Y.; Yu, L.; Chen, J. F.; Hansen, U.;

Weng, Z. Detection of functional DNA motifs via sta- form and migration potential of HT29 colon cancer
cells. Oncol. Res. 12:343–346; 2000.tistical over-representation. Nucl. Acids Res. 32:1372–

1381; 2004. 30. Ishiguro, T.; Nakajima, M.; Naito, M.; Muto, T.;
Tsuruo, T. Identification of genes differentially ex-17. Gilchrist, M.; Henderson, Jr., W. R.; Clark, A. E.;

Simmons, R. M.; Ye, X.; Smith, K. D.; Aderem, A. pressed in B16 murine melanoma sublines with differ-
ent metastatic potentials. Cancer Res. 56:875–879;Activating transcription factor 3 is a negative regulator

of allergic pulmonary inflammation. J. Exp. Med. 205: 1996.
31. Jack, G. D.; Garst, J. F.; Cabrera, M. C.; DeSantis,2349–2357; 2008.

18. Gilchrist, M.; Henderson, Jr., W. R.; Morotti, A.; John- A. M.; Slaughter, S. M.; Jervis, J.; Brooks, A. I.; Potts,
M.; Helm, R. F. Long term metabolic arrest and recov-son, C. D.; Nachman, A.; Schmitz, F.; Smith, K. D.;

Aderem, A. A key role for ATF3 in regulating mast ery of HEK293 spheroids involves NF-kappaB signal-
ing and sustained JNK activation. J. Cell. Physiol. 206:cell survival and mediator release. Blood 115:4734–

4741; 2010. 526–536; 2006.
32. Janz, M.; Hummel, M.; Truss, M.; Wollert-Wulf, B.;19. Gilchrist, M.; Thorsson, V.; Li, B.; Rust, A. G.; Korb,

M.; Kennedy, K.; Hai, T.; Bolouri, H.; Aderem, A. Mathas, S.; Johrens, K.; Hagemeier, C.; Bommert, K.;
Stein, H.; Dorken, B.; Bargou, R. C. Classical HodgkinSystems biology approaches identify ATF3 as a nega-

tive regulator of Toll-like receptor 4. Nature 441:173– lymphoma is characterized by high constitutive expres-
sion of activating transcription factor 3 (ATF3), which178; 2006.

20. Gwinn, D. M.; Shackelford, D. B.; Egan, D. F.; Mihay- promotes viability of Hodgkin/Reed-Sternberg cells.
Blood 107:2536–2539; 2006.lova, M. M.; Mery, A.; Vasquez, D. S.; Turk, B. E.;

Shaw, R. J. AMPK phosphorylation of raptor mediates 33. Jiang, H. Y.; Wek, S. A.; McGrath, B. C.; Lu, D.; Hai,
T.; Harding, H. P.; Wang, X.; Ron, D.; Cavener,a metabolic checkpoint. Mol. Cell 30:214–226; 2008.

21. Hai, T. The ATF transcription factors in cellular adap- D. R.; Wek, R. C. Activating transcription factor 3 is
integral to the eukaryotic initiation factor 2 kinasetive responses In: Ma, J., ed. Gene expression and reg-

ulation. Beijing, China: Higher Education Press; 2006: stress response. Mol. Cell. Biol. 24:1365–1377; 2004.
34. Kang, Y.; Chen, C. R.; Massague, J. A self-enabling322–333.

22. Hai, T.; Hartman, M. G. The molecular biology and TGFbeta response coupled to stress signaling: Smad
engages stress response factor ATF3 for Id1 repressionnomenclature of the ATF/CREB family of transcrip-

tion factors: ATF proteins and homeostasis. Gene 273: in epithelial cells. Mol. Cell 11:915–926; 2003.
35. Khuu, C. H.; Barrozo, R. M.; Hai, T.; Weinstein, S. L.1–11; 2001.

23. Hai, T.; Liu, F.; Coukos, W. J.; Green, M. R. Tran- Activating transcription factor 3 (ATF3) represses the
expression of CCL4 in murine macrophages. Mol. Im-scription factor ATF cDNA clones: An extensive fam-

ily of leucine zipper proteins able to selectively form munol. 44:1598–1605; 2007.
36. Kim, H. B.; Kong, M.; Kim, T. M.; Suh, Y. H.; Kim,DNA-binding heterodimers. Genes Dev. 3:2083–2090;

1989. W. H.; Lim, J. H.; Song, J. H.; Jung, M. H. NFATc4
and ATF3 negatively regulate adiponectin gene expres-24. Hai, T.; Lu, D.; Wolford, C. C. Transcription factors:

ATF. In: Laurent, G. J.; Shaprio, S. D., eds. Encyclo- sion in 3T3-L1 adipocytes. Diabetes 55:1342–1352; 2006.
37. Kimura, K.; Wakamatsu, A.; Suzuki, Y.; Ota, T.;pedia of respiratory medicine, vol. 4. Oxford, UK:

Elsevier Ltd.; 2006:257–259. Nishikawa, T.; Yamashita, R.; Yamamoto, J.; Sekine,
M.; Tsuritani, K.; Wakaguri, H.; Ishii, S.; Sugiyama,25. Hai, T.; Wolfgang, C. D.; Marsee, D. K.; Allen, A. E.;

Sivaprasad, U. ATF3 and stress responses. Gene Expr. T.; Saito, K.; Isono, Y.; Irie, R.; Kushida, N.; Yoney-
ama, T.; Otsuka, R.; Kanda, K.; Yokoi, T.; Kondo, H.;7:321–335; 1999.

26. Hamdi, M.; Popeijus, H. E.; Carlotti, F.; Janssen, J. M.; Wagatsuma, M.; Murakawa, K.; Ishida, S.; Ishibashi,
T.; Takahashi-Fujii, A.; Tanase, T.; Nagai, K.; Kikuchi,van der Burgt, C.; Cornelissen-Steijger, P.; van de Water,

B.; Hoeben, R. C.; Matsuo, K.; van Dam, H. ATF3 H.; Nakai, K.; Isogai, T.; Sugano, S. Diversification of
transcriptional modulation: Large-scale identificationand Fra1 have opposite functions in JNK- and ERK-

dependent DNA damage responses. DNA Repair (Amst.) and characterization of putative alternative promoters
of human genes. Genome Res. 16:55–65; 2006.7:487–496; 2008.



10 HAI, WOLFORD, AND CHANG

38. Korb, M.; Rust, A. G.; Thorsson, V.; Battail, C.; Li, Maegawa, H.; Kashiwagi, A.; Kikkawa, R.; Cantley,
L. C. Peptide and protein library screening defines op-B.; Hwang, D.; Kennedy, K. A.; Roach, J. C.; Rosen-

berger, C. M.; Gilchrist, M.; Zak, D.; Johnson, C.; timal substrate motifs for AKT/PKB. J. Biol. Chem.
275:36108–36115; 2000.Marzolf, B.; Aderem, A.; Shmulevich, I.; Bolouri, H.

The innate immune database (IIDB). BMC Immunol. 52. Okamoto, Y.; Chaves, A.; Chen, J.; Kelley, R.; Jones,
K.; Weed, H. G.; Gardner, K. L.; Gangi, L.; Yama-9:7; 2008.

39. Li, D.; Yin, X.; Zmuda, E. J.; Wolford, C. C.; Dong, guchi, M.; Klomkleaw, W.; Nakayama, T.; Hamlin,
R. L.; Carnes, C. A.; Altschuld, R. A.; Bauer, J. A.;X.; White, M. F.; Hai, T. The repression of IRS2 gene

by ATF3, a stress-inducible gene, contributes to pan- Hai, T. Transgenic mice expressing ATF3 in the heart
have conduction abnormalities and contractile dysfunc-creatic β-cell apoptosis. Diabetes 57:635–644; 2008.

40. Liang, G.; Wolfgang, C. D.; Chen, B. P. C.; Chen, tion. Am. J. Pathol. 159:639–650; 2001.
53. Okamoto, Y.; Kihara, S.; Funahashi, T.; Matsuzawa,T. H.; Hai, T. ATF3 gene: Genome organization, pro-

moter and regulation. J. Biol. Chem. 271:1695–1701; Y.; Libby, P. Adiponectin: A key adipocytokine in
metabolic syndrome. Clin. Sci. (Lond.) 110:267–278;1996.

41. Litvak, V.; Ramsey, S. A.; Rust, A. G.; Zak, D. E.; 2006.
54. Patwardhan, P.; Miller, W. T. Processive phosphoryla-Kennedy, K. A.; Lampano, A. E.; Nykter, M.; Shmu-

levich, I.; Aderem, A. Function of C/EBPdelta in a tion: Mechanism and biological importance. Cell Sig-
nal 19:2218–2226; 2007.regulatory circuit that discriminates between transient

and persistent TLR4-induced signals. Nat. Immunol. 55. Pelzer, A. E.; Bektic, J.; Haag, P.; Berger, A. P.;
Pycha, A.; Schafer, G.; Rogatsch, H.; Horninger, W.;10:437–443; 2009.

42. Liu, B.; Wang, Z.; Lin, G.; Agras, K.; Ebbers, M.; Bartsch, G.; Klocker, H. The expression of transcrip-
tion factor activating transcription factor 3 in the hu-Willingham, E.; Baskin, L. S. Activating transcription

factor 3 is up-regulated in patients with hypospadias. man prostate and its regulation by androgen in prostate
cancer. J. Urol. 175:1517–1522; 2006.Pediatr. Res. 58:1280–1283; 2005.

43. Lu, D.; Chen, J.; Hai, T. The regulation of ATF3 gene 56. Roberts, A. B.; Wakefield, L. M. The two faces of
transforming growth factor beta in carcinogenesis.expression by mitogen-activated protein kinases. Bio-

chem. J. 401:559–567; 2006. Proc. Natl. Acad. Sci. USA 100:8621–8623; 2003.
57. Rosenberger, C. M.; Clark, A. E.; Treuting, P. M.;44. Lu, D.; Wolfgang, C. D.; Hai, T. Activating transcrip-

tion factor 3, a stress-inducible gene, suppresses Ras- Johnson, C. D.; Aderem, A. ATF3 regulates MCMV
infection in mice by modulating IFN-gamma expres-stimulated tumorigenesis. J. Biol. Chem. 281:10473–

10481; 2006. sion in natural killer cells. Proc. Natl. Acad. Sci. USA
105:2544–2549; 2008.45. Mantovani, A.; Sozzani, S.; Locati, M.; Allavena, P.;

Sica, A. Macrophage polarization: Tumor-associated 58. Rubinfeld, H.; Seger, R. The ERK cascade: A proto-
type of MAPK signaling. Mol. Biotechnol. 31:151–macrophages as a paradigm for polarized M2 mononu-

clear phagocytes. Trends Immunol. 23:549–555; 2002. 174; 2005.
59. Sandnes, D.; Muller, K. M.; Akhtar, K.; Johansen,46. Massague, J. How cells read TGF-beta signals. Nat.

Rev. Mol. Cell. Biol. 1:169–178; 2000. E. J.; Christoffersen, T.; Thoresen, G. H. Induction of
LRF-1/ATF3 by vasopressin in hepatocytes: Role of MAP47. Mayer, S. I.; Dexheimer, V.; Nishida, E.; Kitajima, S.;

Thiel, G. Expression of the transcriptional repressor kinases. Cell. Physiol. Biochem. 25:523–532; 2010.
60. Suganami, T.; Yuan, X.; Shimoda, Y.; Uchio-Yamada,ATF3 in gonadotrophs is regulated by Egr-1, CREB,

and ATF2 after gonadotropin-releasing hormone recep- K.; Nakagawa, N.; Shirakawa, I.; Usami, T.; Tsuka-
hara, T.; Nakayama, K.; Miyamoto, Y.; Yasuda, K.;tor stimulation. Endocrinology 149:6311–6325; 2008.

48. McConoughey, S. J.; Wolford, C. C.; Hai, T. Activat- Matsuda, J.; Kamei, Y.; Kitajima, S.; Ogawa, Y. Acti-
vating transcription factor 3 constitutes a negativeing transcription factor 3. UCSD Nature molecule

pages. http://www.signaling-gateway.org/molecule/search feedback mechanism that attenuates saturated Fatty
acid/toll-like receptor 4 signaling and macrophage acti-?nm=ATF3

49. Miyazaki, K.; Inoue, S.; Yamada, K.; Watanabe, M.; vation in obese adipose tissue. Circ. Res. 105:25–32;
2009.Liu, Q.; Watanabe, T.; Adachi, M. T.; Tanaka, Y.;

Kitajima, S. Differential usage of alternate promoters 61. Takai, D.; Jones, P. A. The CpG island searcher: A
new WWW resource. In Silico Biol. 3:235–240; 2003.of the human stress response gene ATF3 in stress re-

sponse and cancer cells. Nucl. Acids Res. 37:1438– 62. Takii, R.; Inouye, S.; Fujimoto, M.; Nakamura, T.;
Shinkawa, T.; Prakasam, R.; Tan, K.; Hayashida, N.;1451; 2009.

50. Nguyen, T. T.; Johnsen, I. B.; Knetter, C. F.; Drablos, Ichikawa, H.; Hai, T.; Nakai, A. Heat shock transcrip-
tion factor 1 inhibits expression of IL-6 through acti-F.; Fitzgerald, K. A.; Lien, E.; Anthonsen, M. W. Dif-

ferential gene expression downstream of Toll-like vating transcription factor 3. J. Immunol. 184:1041–
1048; 2010.receptors (TLRs): Role of c-Src and activating tran-

scription factor 3 (ATF3). J. Biol. Chem. 285:17011– 63. Tamura, K.; Hua, B.; Adachi, S.; Guney, I.; Kawauchi,
J.; Morioka, M.; Tamamori-Adachi, M.; Tanaka, Y.;17019; 2010.

51. Obata, T.; Yaffe, M. B.; Leparc, G. G.; Piro, E. T.; Nakabeppu, Y.; Sunamori, M.; Sedivy, J. M.; Kitajima,



ATF3 IN PATHOGENESIS OF DISEASES 11

S. Stress response gene ATF3 is a target of c-myc in 71. Xie, J.; Bliss, S. P.; Nett, T. M.; Ebersole, B. J.; Seal-
fon, S. C.; Roberson, M. S. Transcript profiling of im-serum-induced cell proliferation. EMBO J. 24:2590–

2601; 2005. mediate early genes reveals a unique role for activating
transcription factor 3 in mediating activation of the64. Thompson, M. R.; Xu, D.; Williams, B. R. ATF3 tran-

scription factor and its emerging roles in immunity and glycoprotein hormone alpha-subunit promoter by go-
nadotropin-releasing hormone. Mol. Endocrinol. 19:cancer. J. Mol. Med. 87:1053–1060; 2009.

65. Vertegaal, A. C.; Andersen, J. S.; Ogg, S. C.; Hay, 2624–2638; 2005.
72. Yin, X.; DeWille, J.; Hai, T. A potential dichotomousR. T.; Mann, M. Lamond, A. I. Distinct and overlap-

ping sets of SUMO-1 and SUMO-2 target proteins re- role of ATF3, an adaptive-response gene, in cancer de-
velopment. Oncogene 27:2118–2127; 2008.vealed by quantitative proteomics. Mol. Cell. Proteo-

mics 5:2298–2310; 2006. 73. Yin, X.; Wolford, C. C.; McConoughey, S. J.; Ramsey,
S. A.; Aderem, A.; Hai, T. ATF3, an adaptive-response66. Wang, A.; Arantes, S.; Conti, C.; McArthur, M.;

Aldaz, C. M.; MacLeod, M. C. Epidermal hyperplasia gene, enhances TGFbeta signaling and cancer initiating
cell features in breast cancer cells. J. Cell Sci., in press;and oral carcinoma in mice overexpressing the tran-

scription factor ATF3 in basal epithelial cells. Mol. 2010.
74. Zhang, C.; Gao, C.; Kawauchi, J.; Hashimoto, Y.;Carcinog. 46:476–487; 2007.

67. Wang, A.; Arantes, S.; Yan, L.; Kiguchi, K.; Tsuchida, N.; Kitajima, S. Transcriptional activation of
the human stress-inducible transcriptional repressorMcArthur, M. J.; Sahin, A.; Thames, H. D.; Aldaz,

C. M.; Macleod, M. C. The transcription factor ATF3 ATF3 gene promoter by p53. Biochem. Biophys. Res.
Commun. 297:1302–1310; 2002.acts as an oncogene in mouse mammary tumorigene-

sis. BMC Cancer 8:268; 2008. 75. Zmuda, E. J.; Qi, L.; Zhu, M. X.; Mirmira, R. G.;
Montminy, M. R.; Hai, T. The roles of ATF3, an adap-68. Whitmore, M. M.; Iparraguirre, A.; Kubelka, L.;

Weninger, W.; Hai, T.; Williams, B. R. Negative regu- tive-response gene, in high-fat-diet-induced diabetes
and pancreatic β-cell dysfunction. Mol. Endocrinol.lation of TLR-signaling pathways by activating tran-

scription factor-3. J. Immunol. 179:3622–3630; 2007. 24:1423–1433; 2010.
76. Zmuda, E. J.; Viapiano, M.; Grey, S. T.; Hadley, G.;69. Willert, K.; Brink, M.; Wodarz, A.; Varmus, H.;

Nusse, R. Casein kinase 2 associates with and phos- Garcia-Ocana, A.; Hai, T. Deficiency of Atf3, an adap-
tive-response gene, protects islets and ameliorates in-phorylates dishevelled. EMBO J. 16:3089–3096; 1997.

70. Wu, X.; Nguyen, B. C.; Dziunycz, P.; Chang, S.; flammation in a syngeneic mouse transplantation
model. Diabetologia 53:1438–1450; 2010.Brooks, Y.; Lefort, K.; Hofbauer, G. F.; Dotto, G. P.

Opposing roles for calcineurin and ATF3 in squamous
skin cancer. Nature 465:368–372; 2010.




