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Abstract

In contrast to the continuous increase in survival rates for many cancer entities, colorectal cancer
(CRC) and pancreatic cancer are predicted to be ranked among the top 3 cancer-related deaths
in the European Union by 2025. Especially, fighting metastasis still constitutes an obstacle to be
overcome in CRC and pancreatic cancer. As described by Fearon and Vogelstein, the development
of CRC is based on sequential mutations leading to the activation of proto-oncogenes and the
inactivation of tumour suppressor genes. In pancreatic cancer, genetic alterations also attribute to
tumour development and progression. Recent findings have identified new potentially important
transcription factors in CRC, among those the activating transcription factor 2 (ATF2). ATF2 is a
basic leucine zipper protein and is involved in physiological and developmental processes, as
well as in tumorigenesis. The mutation burden of ATF2 in CRC and pancreatic cancer is rather
negligible; however, previous studies in other tumours indicated that ATF2 expression level
and subcellular localisation impact tumour progression and patient prognosis. In a tissue- and
stimulus-dependent manner, ATF2 is activated by upstream kinases, dimerises and induces target
gene expression. Dependent on its dimerisation partner, ATF2 homodimers or heterodimers
bind to cAMP-response elements or activator protein 1 consensus motifs. Pioneering work has
been performed in melanoma in which the dual role of ATF2 is best understood. Even though
there is increasing interest in ATF2 recently, only little is known about its involvement in CRC and
pancreatic cancer. In this review, we summarise the current understanding of the underestimated
‘cancer gene chameleon’ ATF2 in apoptosis, epithelial-to-mesenchymal transition and microRNA
regulation and highlight its functions in CRC and pancreatic cancer. We further provide a novel
ATF2 3D structure with key phosphorylation sites and an updated overview of all so-far available
mouse models to study ATF2 in vivo.

Introduction stimulus (1). The term ‘cancer gene chameleon” has been introduced
to describe the functional antagonistic duality of such genes.

The activating transcription factor 2 (ATF2) is a member of the
activator protein 1 (AP-1) transcription factor family of basic leucine
zipper (bZIP) containing DNA-binding proteins. The N-terminal

Cancer genes are historically classified as tumour suppressors that
inhibit tumour development and balance proliferation under physio-
logical conditions or as oncogenes that promote tumour initiation,
progression and metastasis. In the last 10 years, there is growing evi- ) . o .
. zinc finger region and the transactivation domain enable the tran-
dence that genes might behave as tumour suppressors or oncogenes

. . scriptional activity of ATF2, whereas the C-terminus organises its
dependent on the genetic context, the cell type and the experimental
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homodimerization and heterodimerization. Partners in heterodimers
are JUN, FOS, CREB and MAF leading to the formation of the
AP-1 transcription factor complex (2). ATF2 can also work as an
epigenetic regulator by being a histone acetyltransferase (HAT)
that specifically acetylates histones H2B and H4, triggering its own
DNA-binding effectiveness (3). There are several reports about the
role of ATF2 as a driver for tumour aggressiveness, whereas ATF2-
mediated suppressive effects also are described (4). Its dual role
in cancer is majorly dependent on its subcellular localisation (§).
ATF2 regulates a plethora of target genes involved in proliferation,
transformation, repair, inflammation and apoptosis (6). The protein
has many phosphorylation sites that can be activated by different
signalling pathways and trigger ATF2 specific functions (7). After cel-
lular stress (e.g. UV radiation, hypoxia or inflammatory cytokines),
ATF2 contributes to epithelial-to-mesenchymal transition (EMT), a
transformation of epithelial cells into mesenchymal highly migrating
cells, enabling tumour invasiveness (8-10). Furthermore, it can act
as a DNA damage sensor (11). ATF2 function is best studied in mel-
anoma (12-14). There are several somatic and tissue-specific A#f2
knockout (KO) mouse models for iz vivo study of Atf2 function, and
Atf2 loss has been mostly associated with lethality or degeneration
(15-17). Pioneering work of the group of Ze’ev Ronai has shown
that ATF2 loss might have oncogenic or tumour suppressive activity
in melanoma development dependent on the mouse model that has
been used (5). Thus, ATF2 needs to be more intensively studied to
further exploit its potential as a therapeutic target.

The ATF2 cascade

The ATE2 is located on chromosome 2q32 and is translated into a
505 amino acid (aa) large protein (18). ATF2 consists of multiple
domains; the most prominent are the N-terminally located transacti-
vation domain (aa 19-106), the zinc finger (ZF, aa 25-49), the bZIP
domain (aa 352-415) and the nuclear localisation (aa 342-372)
and nuclear export signals (aa 1-7, 405-414) (5,6,19) (Figure 1).
Moreover, ATF2 harbours a HAT domain (aa 289-314), rendering
it an epigenetic modulator that specifically acetylates histones H2B
and H4 in vitro (3).

Under physiological conditions, ATF2 shows only low trans-
activation activity as its bZIP DNA-binding domain (C-terminus)
interacts with the N-terminal activation domain forming an intra-
molecular inhibitory loop (Figure 2) (20). This inhibition is re-
lieved (not depicted) in the presence of activating proteins, such
as adenovirus E1A (21,22), hepatitis B virus (HBV) protein X
(23) or human T-cell leukemia virus Type-1 (HTLV-I) protein Tax
(24) and through phosphorylation at the transactivation domain
(20,25,26). Upon activation, ATF2 is translocated into the nu-
cleus where it either forms a homodimer (27) or heterodimer,
either with intra-family proteins (ATF3, CRE-BPa or JDP2)
or other bZIP proteins (28,29). Dependent on its dimerisa-
tion partner, ATF2 can bind to cAMP-response elements (CRE,
5’-TGACGTC-3’) or to the AP-1 binding motif together with
¢c-JUN (TRE, 5>~ TGAGTCA-3’) (30).

ATF2 and c-JUN form the AP-1 complex

The dimeric AP-1 transcription factor complex regulates stimuli-
dependent cellular processes ranging from proliferation to differen-
tiation. AP-1 dimers are composed of two sub-units, either of the
bZIP protein family (ATF2, JUN, FOS, MAF, C/EBP) or of non-bZIP
members (NF-kB, NFAT, SMAD). Due to the heterogeneity of dimer-
isation partners, AP-1 dimers bind to a plethora of promoters with

either a heptameric TGAGTCA (e.g. JUN:FOS, JUN:JUN) or octa-
meric T% ACNTCA (e.g. ATF:JUN) binding motif (31).

ATF2 and c¢-JUN, both constitute bZIP transcription fac-
tors that are phosphorylated upon extracellular stimuli and build
heterodimers to induce target gene expression. The best-studied and
most prominent binding partner of ATF2 is ¢-JUN, both together
forming the AP-1 complex (2,32). Other possible ATF2 binding part-
ners in the AP-1 complex could be JUNB, JUND, CREB1, BRCA1,
OCT1, NF1, JDP2, MAFA, PDX1, BETA2, NF-YA or NFAT (6).
Apart from binding to CRE sites, the ATF2/c-JUN complex recog-
nises and binds to the octameric AP-1 motif and, consequently, in-
duces target gene expression (30). The formation of ATF2-c-JUN
dimers is triggered by phosphorylation mediated by the upstream
kinases extracellular signal-regulated kinase (ERK), ¢-JUN NH2-
terminal kinase (JNK) and p38, leading to a stress-response target
gene profile (33). JNK is the only mitogen-activated protein kinase
(MAPK) that phosphorylates c-JUN (34). In contrast to ATF2, which
is ubiquitously and abundantly expressed in a variety of tissues, the
expression of ¢-JUN seems to be rather limited and more complexly
regulated (31,35-39). Liu et al. have demonstrated that ATF2 har-
bours two nuclear localisation signals (NLS) and one nuclear export
signal (NES). By stress-induced dimerisation with ¢-JUN, ATF2 is
restrained in the nucleus and reinforces c-JUN gene expression (40).

Upstream signalling

The activation of ATF2 relies on multiple upstream kinases that
target specific ATF2 phosphosites, thereby determining its tran-
scriptional outcome and target gene signature (41-43). Figure 1
schematically depicts the most prominent and best-studied ATF2
phosphorylation sites. The various mechanisms of ATF2 upstream
regulation and a concomitant wide array of ATF2-dependent target
genes are presented in the sections below.

Mitogen-activated protein kinases (Thr69/Thr71)
Activated ATF2 mediates extracellular stimuli by induction of ATF2-
dependent target genes. A plethora of stimuli (cytokines, growth
factors, genotoxic agents and UV irradiation) activate ATF2 at its
N-terminal aa Threonine 69 (Thr69) and 71 (Thr71) via MAPKs
(39,44). It was shown that these kinases, such as p38, JNK and ERK,
phosphorylate ATF2 at Thr69/Thr71 via a two-step mechanism, re-
quiring Thr71 phosphorylation for subsequent Thr69 phosphoryl-
ation (33). This mode of activation, however, seems to be stimulus
dependent and it is yet unclear to which extent these MAPKs co-
operatively induce ATF2 phosphorylation (41,45). Together with
SMAD1, ATF2 phosphorylation at Thr69/Thr71 results in the ex-
pression of pS7KIP2 and, thereby, induces DNA damage response
(46). In addition to Thr69/71, also Serine (Ser) 90 is phosphorylated
upon UV radiation without effecting ATF2 transcriptional activity
(47). In pancreatic f-cells, it was shown that Ca**/calmodulin-
dependent protein kinase IV (CaMKIV) phosphorylates ATF2 at
Thr69, Thr71 and Thr73, independent of JNK and p38 signalling.
Activated ATF2 binds to the insulin promoter and regulates its gene
expression positively correlating with increasing calcium ion con-
centration (48).

ATF2 constitutes just one of several ATF family members and,
therefore, it is not surprising that it shares significant homology
with another ATF transcription factor. ATF7 depicts a major se-
quence homologue to ATF2, particularly within the transcriptional
activation (N-terminus) and the DNA-binding domain (C-terminus)
(49,50). Due to alternative splicing, a short variant of ATF7, named
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Figure 1. Schematic model of ATF2 and its upstream kinases. ATF2 is a transcriptional activator of 505 aa length. This protein includes a ZF domain (aa 25-49), a
transactivation domain (aa 19-106), a HAT domain (aa 289-314), a bZIP motif (aa 352-415), nuclear export signals (aa 1-7, aa 405-414) and a nuclear localisation
signal (aa 342-372). Dependent on extracellular stress (inflammatory cytokines, oxidative stress, growth factors and UV/ionising irradiation) or drug treatment (e.g.
retinoic acid andTPA), various upstream kinases (ATM, ERK, JNK, p38, VRK1 and PKC) phosphorylate ATF2 at its corresponding phosphorylation sites leading to its
activation and nuclear translocation. Adapted from Kawasaki et al., Watson et al. and the UniProt database (https://www.uniprot.org/) (3,6,160). Figure was majorly
drawn by Joerg Pekarsky (Department of Functional and Clinical Anatomy, Friedrich-Alexander University Erlangen-Nirnberg). Figure available in colour online.
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Figure 2. Predicted model of ATF2 highlighting those
phosphorylation sites discussed in this review. The phosphorylation sites of
ATF2 are highlighted dependent on its residues: Thr residues (Thr52, Thr69,
Thr71 and Thr73) were visualised in green, Ser residues (Ser62, Ser490 and
Ser498) in red. Since the 3D structure of the entire ATF2 protein is not known,
the structure of ATF2 was modelled using a combination of homology
modelling and fold recognition approaches.The Nuclear magnetic resonance
structure covering aa 19-56, a part of the transactivation domain (PDB ID:
1BH1A), the X-ray structures covering aa 354-414 (1T2K) were applied for
homology remodelling using MODELLER 9v3 (161,162). The residual amino
acids of the 505 aa protein were modelled using MUSTER (163). The best
of 10 models was ranked, checked for stereochemistry and correct folding
and was finally energy minimised and rendered using CHIMERA (164). Figure
available in colour online.

ATF7-4, was detected in the cytoplasm that is able to abrogate
ATF2 transcriptional activity by inhibiting its phosphorylation
at Thr71. Upon stimuli, ATF7-4 is phosphorylated leading to its
poly-ubiquitination and 26S-proteasomal degradation. Thereby, an
ATF7-4 bound kinase is released to phosphorylate ATF7/ATF2 at

Thr53/71 allowing subsequent phosphorylation at Thr51/69 by p38,
leading to the activation of ATF7/ATF2 (51).

Protein kinase C (Thr52/Ser121/Ser340/Ser367)
Another upstream kinase contributing to post-transcriptional modi-
fications of ATF2 constitutes protein kinase C (PKC). Dependent on
its isoforms, stimulus and cell types, PKC phosphorylates ATF2 at
residues Thr52 (52), Ser121 (53), Ser340 or Ser367 (43).

PKCa phosphorylates ATF2 at Ser121 (54) after retinoic acid
(RA) treatment leading to enhanced transcription of the ATF2 target
gene c-JUN. The phosphorylation at Ser121 is also observed upon
stimulation with 12-O-tetradecanoylphorbol-13-acetate (TPA) and
induces ATF2 translocation into the nucleus. There, it binds to
¢-JUN and mediates gene expression of genes harbouring an AP-1 or
CRE-like binding sequence (55).

Another PKC isoform, PKCe, mediates dual phosphorylation at
Thr69/71. However, as shown in melanoma, these phosphorylated
residues did not influence the subcellular localisation of ATF2 (52).
In addition, PKCe was reported to phosphorylate ATF2 at Thr52.
Previous investigations in squamous carcinomas and melanoma
could already link high levels of PKCe to tumour promoting ef-
fects (56), whereas inhibition of this isoform sensitises tumour cells
to apoptosis induced by TNF-related apoptosis-inducing ligand
(TRAIL) (57). Phosphorylation at Thr52 keeps ATF2 in the nucleus
where it functions as a classic transcription factor by binding to
target genes involved in cell survival (52). However, under genotoxic
stress, PKCe-mediated phosphorylation of ATF2 at Thr52 is ab-
rogated and ATF2 is exported from the nucleus to the cytoplasm.
There, ATF2 accumulates at the mitochondrial outer membrane and
suppresses the formation of the voltage-dependent anion-selective
channel protein 1 (VDAC1):hexokinase-1 (HK1) complex. This
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results in alterations in the mitochondrial membrane permeability
and promotes apoptosis via cytochrome c release (58).

Vaccinia-related kinase 1 (Ser62/Thr73)

The human vaccinia-related kinase 1 (VRK1) constitutes a nuclear
serine/threonine kinase that is involved in the regulation of p53 and
cell division processes (59,60). VRK1 phosphorylates its substrate
ATF2 mainly at Thr73 and Ser62 and, thereby, stabilises ATF2 and
augments its intracellular levels (42). It was demonstrated that phos-
phorylation of N-terminal residues of ATF2 by VRK1 can coord-
inate with post-translational modifications mediated by JNK. This
allows distinct ATF2 activation by different cellular stimuli and po-
tentiates its transcriptional activity as phosphorylated ATF2 is pre-
vented from ubiquitination and degradation (61).

Ataxia-telangiectasia mutated kinase (Ser490/
Serd98)

The protein kinase ataxia-telangiectasia mutated (ATM) constitutes
another kinase capable of phosphorylating ATF2. ATM is part of the
PI3K-like protein kinase family and, following DNA double-strand
breaks (DSB), phosphorylates its substrates at threonine and serine
residues (62,63).

To date, a number of studies already implicated a potential
role of ATF2 in DSB repair due to its role on chromatin remodel-
ling and its associations with the HATs TIP49b and TIP60 (64-68).
Following ionising radiation (IR), ATM phosphorylates ATF2 at
its C-terminal residues Ser490 and Ser498 resulting in a transcrip-
tionally independent DNA damage response. Moreover, ATF2 is
then co-localised with y-H2AX and IR-induced foci (IRIF) (69). Li
et al. could confirm the significance of ATF2 as an ATM substrate
by generating phospho-mutant mice for Ser490/498 (S472/5480 in
mice) that could not be phosphorylated by ATM (11). When exposed
to IR, these mice were more sensitive to DNA damage-induced cell
death, suffered from multiple organ damage (intestine, liver), had a
faster tumour development in p53 KO background and were more
susceptible to tumour formation in a skin carcinogenesis model (11).

Epigenetic regulation by ATF2

Colorectal and pancreatic tumours arise due to the accumulation
of mutations in driver genes (70,71) as best described for colorectal
cancer (CRC) in the model of Fearon and Vogelstein (72). However,
both cancer entities also harbour epigenetic imprints, such as DNA
methylation of tumour suppressors and microRNAs (miRNAs)
dysregulation driving their phenotype (73,74).
Epigenetic events lead to altered accessibility of chromatin due to

tumorigenic

methylation (repressive), phosphorylation (activating) or acetylation
(activating) (75). Thus, epigenetic changes constitute the driving
force that directs gene activity or repression, leading to cell differen-
tiation without altering the nucleotide sequence (76).

Kawasaki et al. showed that ATF2 also functions as a HAT that
specifically acetylates histones H2B and H4 in vitro (3). Further, they
revealed that phosphorylation of ATF2 at Thr69/Thr71 not only in-
duced CRE-dependent transcription but also augmented its intrinsic
HAT activity. As hypothesised by Kawasaki et al., ATF2 not only
possess an intrinsic HAT activity but also associates with the E1A-
associated protein p300, a transcriptional co-activator with a HAT
domain (3). p300 and ATF2 are both parts of the differentiation
regulatory factor (DRF) complex. Binding of p300 leads to acetyl-
ation of the ATF2 residues Lysine (Lys) 357 and 374, important res-
idues in the bZIP DNA-binding domain. Since acetylation occurred

in the bZIP domain, conformation changes could lead to altered
ATF2 DNA-binding capacity and affect its intramolecular inhibition
77).

Epigenetic regulators of the KDM3 family of histone
demethylases, i.e. KDM3A, KDM3B and JMJD1C, have been shown
to demethylate H3K9me2 and to be associated with aggressive CRC,
cancer stem cells and Wnt/B-catenin target gene expression (78).
A study by Chen et al. could show that Jumonji domain containing
1C (JMJD1C) was significantly upregulated in CRC and associ-
ated with metastasis promoting effects through activation of ATF2
(79). Knockdown of JMJD1C-attenuated ATF2 transcriptional ac-
tivity by modulating H3K9me2 and led to reduced metastasis. Since
overexpression of ATF2 could reverse these effects, the authors pos-
tulated an oncogenic role for ATF2 in CRC (79).

ATF2 regulation by miRNAs

ATF2 expression was shown to be regulated by miRNAs (miRs)
(Figure 3). miRNAs are small non-coding RNAs that regulate gene
expression post-transcriptionally by binding to the 3’ untranslated
regions (UTR) of their mRNA targets, leading to mRNA destabilisa-
tion or translation repression. Therefore, ordinarily, miRNAs coord-
inate gene expression negatively (80). In silico, over 200 miRNAs
are predicted to target the 3'UTR of the ATF2 gene (miRWalk 3.0,
P < 0.05; http://mirwalk.umm.uni-heidelberg.de/). In this review, we
describe the ATF2/miRNA interactions that were experimentally
demonstrated.

ATF2 regulation by miRNAs was reported in several tumour
types, such as lung, ovarian and renal cancer. However, until now,
this modulation has been poorly studied in pancreatic and CRC. In
CRC, Knowlton et al. observed that 13 miRNAs predicted to target
ATF2 are dysregulated during cancer progression. miR-20a and
miR-20b were upregulated at Stage III samples compared to normal
tissue, while others, as miR-26a, miR-26b, miR-452 and miR-
520a-3p, were downregulated in the same comparison. Although the
authors did not analyse these interactions further, their results sug-
gest that ATF2 expression can be regulated by miRNAs in CRC (81).
To the best of our knowledge, the regulation of ATF2 by miRNAs in
pancreatic cancer has not yet been reported.

In prostate cancer cells, ATF2 expression was shown to be con-
trolled by miR-204. The authors demonstrated that this miRNA
downregulation and ATF2 overexpression led to increased cell pro-
liferation, migration and invasion (82). Another study with prostate
and breast cancer cells showed that a miRNA sponge simultaneously
inhibited the expression of the known oncogenic miRNAs miR-21,
miR-155 and miR-221/-222 and, thereby increased ATF2 expres-
sion, a target of miR-21 (83).

Noteworthy, ATF2 expression was reported to be controlled by
miRNAs after chemo- and radiotherapy. In different models, it was
observed that antitumor treatment induced downregulation of dis-
tinct miRNAs leading to an upregulation of ATF2. For instance, in
non-small cell lung carcinoma (NSCLC), radiotherapy reduced miR-
144 levels in cancer tissue and cell lines. Expression of miR-144 was
inversely correlated with ATF2 levels and associated with increased
cell resistance. A luciferase assay demonstrated that miR-144 con-
trols ATF2 expression by directly targeting its 3'UTR (84). Also, in
NSCLC, cisplatin treatment altered the activation of the ATF2/c-
JUN complex. The mentioned therapy reduced the levels of miR-
216b, which targets c-JUN. Upregulation of ¢-JUN was associated
with increased formation of the ATF2/c-JUN complex and apoptosis
control (85). The activation of the ATF2/c-JUN complex was like-
wise modulated by miR-139 in ovarian cancer (86).
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In comparison to therapy-sensitive cells, osteosarcoma, laryn-
geal and renal treatment-resistant cancer cells displayed reduced
levels of miR-34a, miR-26b and miR-451, respectively. miR-26b
and miR-451 were shown to directly regulate ATF2 through binding
to its 3’'UTR (87,88). On the other hand, miR-34a modulation of
ATF2 was shown indirectly as overexpression of this miRNA re-
sulted in increased ATF2 expression (89). Furthermore, miR-451
and miR-26b were also demonstrated to directly regulate ATF2
expression in hepatocellular carcinomas and lung cancer, respect-
ively (90,91). Downregulation of miR-26b in CRC is associated
with poor prognosis in patients as a decrease in miR-26b results
in upregulation of its target ATF2 (92). Moreover, ATF2 expres-
sion is also regulated by miR-657 in myeloma cells after treatment
with Spatholobus suberectus Dunn, a plant extract shown to in-
duce apoptosis and cell cycle arrest (93). Therefore, miRNA regu-
lation of ATF2 expression appears to be closely associated with
ATF?2 therapy-resistance functions. Finally, miR-622 was reported
to regulate the expression of ATF2 in glioma cells. Noteworthy,
the authors observed that the expression of miR-622 and ATF2
are inversely correlated in glioma specimens obtained from human
patients (94).

miRNAs regulated by ATF2

ATF2 was also shown to regulate the expression of miRNAs. The
transcription factor was reported to interact with miR-320a pro-
motor and to induce its expression in cervical and colon cancer cells
treated with ionising radiation. In the analysed cells, ATF2 cooper-
ated with the ETS transcription factor ELK1 (ELK1) and the YY1
transcription factor (YY1) to activate miR-320a transcription. MiR-
320 then directly inhibited X-linked inhibitor of apoptosis (XIAP)
expression, leading to apoptosis and inhibiting cell migration (95).
Moreover, in gastric cancer cells, ATF2 can bind to a specific CRE

site on miR-132 promotor, inducing its transcription (Figure 3). The
overexpression of this miRNA suppressed CD44 and fibronectin
1 (FN1) expression, enabling lymphocytes to home and inducing
apoptosis. MiR-132 expression further inhibited tumour cells mi-
gration and invasion (95,96).

Downstream targets of ATF2

The transcriptional functions of ATF2 display a broad spectrum
of target genes due to its versatile dimerisation options, with
¢-JUN being the most prominent and best-studied binding partner.
As Watson et al. excellently reviewed the transcriptional targets
of ATF2, their review should be considered for detailed informa-
tion on binding partners and corresponding stimuli of ATF2 target
genes (6). Briefly, some of the transcriptional targets of ATF2 can
be divided into the following categories (with the target genes in
brackets): cell cycle (CCNA1, CCND1, GADD45,p21WAF1, RB1
and SERPINBS), immune and inflammatory responses (ELAMI,
HBG1, IFNB1, IENG, IL1B, IL23A, IL6, IL8 and TNFa), ex-
pression of AP-1 binding partners (ATF3 and JUN) and apoptosis
regulation (ACHE, BCL2L1, CHOP, DPS and TRAIL). Besides
these, ATF2 regulates target gene expression of other intercellular
and intracellular pathways, that is, PDGFRA, MMP2, PLAU or
HSPAS (2,5,6).

Interestingly, further ATF2 target genes in CRC and pancreatic
cancer were identified. In CRC cells, ATF2 targets in a stimulus-
dependent manner the expression of CDK4 (97), ITGAS (9), MLCK
(98), MRP2 (99), TGFB2 (100) and pS7KIP2 (101). Gene expres-
sion profiling in CRC cells further revealed an ATF2 dependency of
the non-canonical Wnt target genes PLOD2, HADH, LCOR and
REEP1(102). In pancreatic cells, so far, only insulin was shown to
be an ATF2 downstream target under Forskolin or UV treatment
(103,104).
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ATF2 in apoptosis

In a stimulus-, tissue- and cell type-dependent manner, ATF2 steers a
plethora of target genes each contributing to a broad array of func-
tions associated with ATF2. This review focuses on the dual role of
ATF2 as tumour suppressor and oncogene and highlights its involve-
ment in apoptosis.

Cells undergoing apoptosis, a programmed cell death, indis-
pensably contribute to the balance of tissue homeostasis. Apoptosis
can be induced by intracellular or extracellular events (e.g. oxida-
tive stress and genotoxic agents) (105) and any dysfunctions in its
mechanisms lead to imbalance and pathologic conditions (106).
Preliminary stages of CRC evade the programmed cell death either
by inhibition of apoptosis, by inactivation of apoptosis-inducing or
by enhancing apoptosis-repressing genes (105), thereby contributing
to the hallmarks of cancer (107). ATF2 as a transcription factor is
capable of inducing or inhibiting apoptosis by inducing target gene
expression of genes involved in the mechanisms of programmed cell
death (e.g. ACHE, BCL2L1 or CHOP) (108-110).

Studies in various cancer entities have shown a dual role for
ATEF2, either supporting tumour growth and invasion (oncogene) or
having tumour suppressive features (tumour suppressor). Studies in
melanoma could even demonstrate that within one cancer entity, the
function of ATF2 depends on its subcellular localisation: oncogenic
ATF2 in the nucleus (where it is transcriptionally active); tumour
suppressive ATF2 in the cytoplasm (13,111).

The oncogenic potential of ATF2 was already studied more than
20 years ago in a study conducted by Ronai et al. (112). They could
show that ATF2 contributes to radiation resistance of human mel-
anoma cells. However, ATF2 lacking its transactivation domain
demonstrated higher sensitivity to irradiation by UV or X-rays.
These effects might be attributable to the role of ATF2 in DNA re-
pair (112).

Apart from melanoma, ATF2 was also investigated in pancreatic
cancer revealing an upregulation of ATF2 in cancer tissues compared
to adjacent non-tumour material (113). Silencing of ATF2 resulted
in inhibition of proliferation, induction of apoptosis and rendered
tumour cells susceptible to the anti-tumour drug gemcitabine (113).
The oncogenic duality of ATF2 was further studied in bladder cancer
where ATF2 activation was shown to be dependent on the androgen
receptor (AR) with ATF2 activity being positively correlated to
AR-induced urothelial tumorigenesis. Androgen was demonstrated
to induce phosphorylation of ERK, an upstream kinase of ATF2,
leading to the phosphorylation of ATF2 at Thr71 and its nuclear
translocation (114). Moreover, Atf2 was shown to be indispensable
for mouse skin tumour growth and progression since its downstream
targets lead to cell proliferation and tumour progression(115,116).

In contrast, Maekawa et al. demonstrated the role of ATF2 as a
tumour suppressor in breast cancer. They showed that a heterozy-
gous loss of Atf2 in mice resulted in the development of mammary
tumours after a long latency period majorly caused by a decreased
expression of Atf2 target genes Maspin and Gadd45, both involved
in the induction of apoptosis (117). In synovial sarcoma, the trans-
location fusion oncoprotein SS18-SSX serves as a scaffold to link
ATF2 and the transcriptional co-repressor transducin-like enhancer
of split 1 (TLE1). The presence of SS18-SSX disrupts ATF2 func-
tion by transcriptional downregulation of shared ATF2 target genes,
whereas restoration of ATF2 and its target genes inhibits tumour
growth and induces apoptosis (118).

Contrary to the study by Ronai et al. depicting its oncogenic po-
tential (112), ATF2 also functions as a tumour suppressor in mel-
anoma and its way of function seems to depend on its subcellular

localisation. Melanoma cells treated with paclitaxel and vemurafenib
demonstrated that these agents induced ATF2 translocation to the
mitochondria and an ATF2-mediated release of Bcl-2-interacting
mediator of cell death (BIM) and activation of VDACI. This type
of apoptosis is majorly induced by cytochrome c release after drug
treatment (119).

Investigations of the role of ATF2 in apoptosis of head and neck
squamous cell carcinoma (HNSCC) revealed a TNFa dependency
of ATF2 phosphorylation, its translocation to the nucleus and the
expression of target genes involved in apoptosis (120). In this study,
decreased ATF2 levels did not influence in vivo tumour growth but
led to chemo-resistance.

In oesophageal squamous epithelial cancer cells, ATF2 controls
and induces the cell cycle regulator p21¥*f, and oxidative stress to-
gether with silencing of ATF2 decreased p21Y¥4" expression and en-
hanced apoptosis (121).

A study using deoxycholic acid (DCA) treatment on rat pancre-
atic acinar cell line AR42] revealed inhibition of proliferation and an
induction of apoptosis by targeting ATF2 (122). Moreover, phospho-
diesterase-4 inhibitors (PDE4is) that have been previously used in
respiratory diseases showed remarkable cytotoxic effects on pan-
creatic cancer cells. This PDE4is-induced apoptosis is mediated by
ATF2 phosphorylation via p38 (123).

ATF2 not only seems to be involved in apoptosis in epithelial-
derived cancers but also acts as a regulator of apoptosis in leu-
kaemia. An et al. revealed that the anti-tumour drug selenite inhibits
cancer cell growth by disruption of the JNK/ATF2 axis and the
downregulation of ATF2-dependent cell cycle target genes (124).

Due to its omnipresent role in apoptosis, ATF2 might be of
interest in drug design in clinical studies. Promising data on ATF2-
derived peptides showed that silencing of transcriptional activity of
ATF2 and induction of ¢-JUN activity inhibits melanoma growth
and metastasis (125-127).

ATF2 and EMT

The EMT describes complex alterations in differentiation with a
switch from an epithelial to a more invasive, mesenchymal pheno-
type that occurs during embryogenesis and tissue repair, as well as
in tumour progression (128). The process of tumour progression is
based on tumour cells gaining the ability to detach from the parental
tumour mass, to migrate and invade surrounding tissues or basement
membranes, to disseminate through the vascular system and to fi-
nally reattach at distant organs (metastasis) (129). Concomitantly to
tumour progression, dedifferentiation of tumour cells at the invasive
front (the area into which neoplastic tumour cells invade) is accom-
panied by distinct morphological changes. These altered phenotypic
patterns resemble those of cells undergoing EMT: EMT cells show
disrupted intercellular junctions and changed cell polarity and ac-
quire a migratory and invasive phenotype (130,131).
Mesenchymal-like colorectal tumour cells that overexpress the
EMT transcription factor TWIST1 showed an upregulation of AP-1,
the complex between the key components ¢-JUN and ATF2 (9).
TWIST1-induced cell invasion was triggered by AP-1 dependent in-
tegrin a5 induction, which plays a major role in EMT. ATF2 loss has
been found together with high TWIST1 and low E-Cadherin expres-
sion in early disseminating aggressive Her2+ breast cancer cells (10).
Interestingly, EMT cells were characterised by a predominantly
nuclear ATF2 expression pattern, which is associated with an onco-
genic function of ATF2. In pancreatic tumour cells, the repressor of
the AP-1 complex, Jun dimerization protein 2 (JDP2), was shown to
inhibit EMT (132). Downregulation of JDP2 was associated with
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tumour metastasis in pancreatic cancer cells (133). In parallel, treat-
ment with a p38 MAPK inhibitor resulted in a decreased TGFf-
mediated EMT via decreased p-ATF2 levels (8).

ATF2 in inflammation and metabolism

There is accumulating evidence that ATF2 is involved in inflam-
mation (134). ATF2 expression has been shown to be triggered
by hypoxia, reactive oxygen species and inflammatory cytokines
majorly through phosphorylation on Thr69 and Thr71 residues.
Phosphorylation at Thr69/71 by ERK, JNK and p38 MAPKs leads
to nuclear accumulation of ATF2 (135). They reported that activated
ATF2 is participating in microglia-mediated neuro-inflammation. It
also triggers peripheral inflammation-associated diseases, such as
arthritis or hepatitis (136). In A#f2 KO mice, there was a reduced
level of inflammatory cytokines, such as IL6, IL1B or TNFa after
stimulation with lipopolysaccharides (137). Vice versa, in lung
cancer, IL8-mediated ATF2 activation promotes tumour invasiveness
(138). By inhibiting the AP-1 transcriptional activity, the anti-inflam-
matory flavonoid Baicalein also showed a potent anti-angiogenic
effect (139). Treatment of CRC cells with tolfenamic acid (TA), a
non-steroidal anti-inflammatory drug with anti-cancer potential, re-
vealed an ATF2-mediated induction of ATF3 expression. Upon TA
treatment, ATF2 was phosphorylated by its upstream MAP kinases
(JNK, ERK and p38) and, thereby, induced ATF3 transcription with
ATF3 finally inducing apoptosis (140).

Vice versa, ATF2 itself can actively attenuate inflammation. In
late-stage human melanoma LU1205 cells, ATF2 transcriptionally
suppresses TNFa, leading to an Fas-mediated programmed cell
death upon UVC radiation (141).

Furthermore, ATF2 seems to play a role in impaired glucose
homeostasis and development of diabetes. §3-cells in the pancreatic
islets of Langerhans produce and secrete insulin, thus maintaining
glucose homeostasis. In pancreatic tumour cells, ATF2 interacts
with chromatin-associated fumarase to provide a survival signal
under glucose deprivation (142). Importantly, ATF2 is a necessary
transactivator of insulin gene expression. Furthermore, it has been
shown to contribute to diabetes by inducing abnormal upregulation
of TNFa or IL1B expression in islet 8-cells (143,144).

ATF2 and prognosis

For some tumour entities, ATF2 expression could already be asso-
ciated with patient prognosis. High expression of ATF2 correlated
with aggressive clinic-pathological characteristics and predicted
poor prognosis of renal cell carcinoma (RCC) patients (145). In
RCC cells, ATF2 loss attenuated migratory capabilities and sup-
pressed tumour invasion mostly by stabilising the epithelial pheno-
type (145). In NSCLC, high ATF2 levels were significantly associated
with worse prognosis (146) and, recently, Zhou et al. demonstrated
that overexpression of ARHGEF39 led to increased ATF2 levels
by activating the Racl-p38-ATF2 signalling pathway promoting
tumour invasion and proliferation (147). Similarly, Zheng et al.
showed that ATF2 activation triggers cell proliferation and lymph
node metastasis in NSCLC (148). In extramammary Paget’s disease
(EMPD), a rare malignancy of the skin, it was shown that p-ATF2
and p-STAT3 are both overexpressed and associated with the tu-
mour stage: both markers displayed the highest expression levels in
advanced EMPD (149).

A study in breast cancer demonstrated a tumour suppressive
role of ATF2 as its loss was associated with enhanced anchorage-
independent growth, downregulation of cell cycle and apoptosis
regulating proteins and upregulation of EMT promoting proteins.

Further, the authors could show that ATF2 was essential for the
growth-inhibitory effects of tamoxifen in ER-positive cells and that
phosphorylation of ATF2 at Thr71 could serve as a prognostic and
predictive marker for response to tamoxifen (150).

Although Pradhan et al. identified, in a global systems biology
approach, ATF2 as an important transcription factor in CRC (151),
only little is known about the role of ATF2 in CRC or pancreatic car-
cinogenesis in different stages of the disease or in chemo-resistance.
Interestingly, in silico The Cancer Genome Atlas (TCGA) analysis
(https://www.cbioportal.org/; Table 2) showed that mutations in the
ATEF2 gene seem to be negligibly low in CRC (7 = 3504) and pancre-
atic cancer samples (7 = 1057), with a somatic mutation frequency
of 0.4% and 0.5%, respectively (Figure 4) (152,153). Although the
literature has already proven the divergent role of ATF2 in cancer, it
becomes more obvious when considering the ATF2 expression levels
in CRC and pancreatic cancer. Analysis of patient survival from
TCGA RNA-seq data showed in CRC (7 = 438) that low ATF2 ex-
pression characterises a high-risk subgroup of patients (Figure 5A),
whereas, in pancreatic cancer (7 = 176), the situation is reversed
with low ATF2 being associated with better patient survival (Figure
5B). Though these data sets revealed only marginally significant
differences for low and high ATF2-expressing tumours, the prog-
nostic value in CRC and pancreatic cancer seemed to be remarkably
reversed.

De Robertis et al. demonstrated that, in murine EphA2, , cell
populations of adenocarcinoma, ATF2 was significantly upregulated.
Deregulation ATF2 was supposed as a novel prognostic and pre-
dictive target being associated with worse disease-free survival (DFS)
in EphA2,, patients already validated as an independent prognostic
marker in Stage I-III CRC patients(92).

To our knowledge, the variable prognostic value of ATF2 has not
yet been connected to any cause, but it might be reasonable that the
acquisition of tumour samples (tumour centre and invasion front)
and the general tumour heterogeneity might influence the overall
relevance of ATF2 expression in cancer prognosis.

Mouse model to study ATF2 function
The Atf2 function has been assessed in multiple mouse models
(Table 1). The first attempt to study Atf2 in mouse models produced
hypomorphic variants by A#f2 deletion (15). The hypomorphic al-
lele showed a severe phenotype in bone and cartilage development,
resulting in hypochondrodysplasia and also neurological changes in
the brain. Such findings shed first light on the importance of Atf2 in
the regulation of development and physiology; however, the global
view was limited by the fact that the allele still produced a partly
functional protein. The approach to knock out A#f2 from the mouse
genome resulted in more severe and lethal phenotype immediately
after birth with 100% penetrance. The aspirated meconium was
identified as the major cause of perinatal death in A#f2 KO pups (16).
The role of ATF2 in carcinogenesis has been suggested in mul-
tiple tumour models and also from patient data; however, se-
vere lethal phenotypes hamper the study of tumorigenesis in Atf2
KO animals and, thus, alternative gene-targeting strategies were
introduced. One approach was to study the biological function of
Atf2 in living organisms by the production of mice with targeting
functional domains and substitution mutations in critical sites
for particular protein functions. In this case, two mouse models
were designed. The first aimed to target important phosphoryl-
ation sites on the N-terminus of Atf2 in exon 3, Thr51 and Thr53
both substituted by alanine. This mouse model showed the same
subset of perinatal lethal phenotype as previously published for
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Figure 4. ATF2 mutation spectrum in colorectal and pancreatic cancer. In both CRC and pancreatic cancer, the occurrence of ATF2 mutations is negligibly low.
Genomics data from 3504 samples (eight studies) in different stages of colorectal adenocarcinoma and CRC were queried from the cBioPortal; 13 tumours
showed missense mutations (green colour) and 2 tumours had truncating mutations (black colour) in ATF2, which are depicted in the upper panel. Out of the

1057 pancreatic cancer samples queried (5 studies), 9 pancreatic tumours were found to have only missense mutations (green) in ATF2 which are depicted in

the lower panel. Adapted from cBioportal, https://www.cbioportal.org/ (152,153).

Atf2 KO mice (16); however, if crossed to Atf7 KO, an even more
severe embryonic lethal phenotype showed up, suggesting that
Atf7, as a close homolog of Atf2, could compensate the Atf2
function related to these particular regulatory domains (154).
Due to the lethal phenotype, this model is not suitable to study
tumorigenesis in adult mice. Another substitution mouse mutant
has been created in order to block phosphorylation sites close
to the C-terminus in Ser472 and Ser480. Interestingly, such Atf2
mutant mouse does not promote any lethal phenotype as all mice
are well viable. However, Atf2(547245404) mice have insufficient
DNA damage response and are prone to spontaneous tumour
formation. Worth mentioning is that ATF2 phosphorylation by
ATM after DNA damage response is a p53-independent impaired
expression of the cell cycle inhibitor p21, which in turn ham-
pers cell cycle arrest in Atf2(5472454804) cells after DNA damage.
Interestingly, simultaneous mutation in p53 makes tumour for-
mation more abundant than in single-mutated Atf2(54724.54504)
or p53 KO mice (11). When the Atf2(47245480M_mutated mice
were exposed to two-stage skin carcinogenesis protocols by
7,12-dimethylbenz(a)anthracene treatment (tumour inducer),
the initiation dynamics and tumour number were higher than in
control mice, suggesting that mutation in Atf2 is triggering the
tumorigenic process (11).

A very specific problem arises when Atf2 function needs to be
studied in specific tumour types since most of the targeted mu-
tations are lethal just after birth or the ubiquitous expression of
the mutated allele causes spontaneous tumour formation without
control of any tissue specificity. In order to solve this problem and
to study Atf2 effects in specific tissues or cell populations, the con-
ditional allele, where the DNA-binding domain is flanked by LoxP
sites, was produced (13). Inducible KO strategy majorly solved
the issue with embryonic lethality and helped to establish genetic

models to study the regulatory role of Atf2 in melanoma (13). The

061K gain of function muta-

melanoma model was based on a Nras
tion on the Ink4a KO mouse genetic background. In this model,
spontaneous melanoma appears in 30% of mice. The tissue spe-
cificity for Atf2 KO in melanocytes was achieved by using com-
bination of conditional KO allele of A#f2, where the sequence for
the DNA-binding domain is flanked by two LoxP sites and can
be removed by Cre recombinase. As a Cre driver, the Tyr©reiRT?
(melanocyte-specific tyrosinase promoter-driven inducible Cre
expression) was used. The Cre must be activated by hydroxyl-
tamoxifen treatment, which allows precise temporal-spatial
gene induction in the skin in a well-regulated time window (13).
Remarkably, mutation of Atf2 in melanocytes had negative effects
on melanoma promotion and only 5% of mice were diagnosed with
melanoma compared to controls where 30% of mice were affected
(13). There is a striking discrepancy from other types of tumours,
where Atf2 mutations lead to cancer promotion and more severe
tumour phenotypes (14,155,156). The Atf2 regulatory network
in melanocytes relies on the negative regulation of expression of
microphthalmia-associated transcription factor (MITF), which is
responsible for the early phase of melanocyte transformation(13).
However, a later mouse model of melanoma based on a different
genetic background (BrafVe00E/Ve0oks Pren--) showed opposite effects
and the transcriptionally inactive form of A#f2%%? resulted in po-
tentiation of melanoma formation and metastasis development
(14). Remarkably, the Atf2 protein from A#f22%° allele is in reading
frame with all properties of the wild-type form with just an excep-
tion in the DNA-binding domain. A similar endogenous splicing
variant, A#f25%3, is also abundantly found in human melanomas.
This might implicate that, beside transcription regulatory function,
there is also a complex interacting network that, in non-DNA-
binding mode, can cause readjustment of differentiation programs
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in (pro-) cancerogenic cells and enhance transformation capacity
and tumour invasiveness even further (14).

From multiple melanoma models and also when compared to
other tumour models, it is obvious that Atf2 itself can have dual
effects on tumour development and invasiveness. The specificity of
Atf2 action can be attributed to tissue-specific features and/or to
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Xenograft models to study ATF2 in melanoma
development

In order to study the role of ATF2 in melanoma development,
xenograft models have been used with multiple mouse and
human-derived melanoma cell lines. Their advantage is that
cells can be genetically manipulated without genetic influence
on the host. However, disadvantages might be that mouse cell
lines used for isograft approaches might have different mo-
lecular signatures than patient-derived cells and vice versa, and
the patient-derived cells must be grafted as xenografts into mice
with compromised immune system. Despite all these obstacles,
melanoma cell line grafts provided valuable molecular insights
into the role of ATF2 in regulation of melanoma development
and invasiveness. It has been shown that ATF2-mediated in-
hibition of Sox10 expression caused downregulation of MITE,
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DNA damage response
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Phenotype

which in turn led to a pronounced transformation phenotype of
melanoma cells. This was supported by the fact that inhibition
of ATF2 expression was able to reverse that effect (13). The role
of PKCe on tumorigenic activity of ATF2 has been approached
in isograft models showing that the ATF2 downstream cascade
negatively influences fucosylation of the proteome in melanoma
cells. Interestingly, the decrease of general protein fucosylation
levels led to loss of cell adhesion and promotion of invasive be-
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haviour. Moreover, if fucosylation was genetically restored in
tumour cells, the invasive character of melanoma cells was de-
creased together with infiltration of primary tumours with nat-
ural killer cells (12).

The molecular pathways behind the diverse functions of
ATF2 have mainly been discovered in melanoma models and this
brought up new strategies on how to attenuate ATF2 effects in
melanoma progression. Peptides derived from the ATF2 protein
have been used in screenings to discover possible new pharma-
ceutical tools to target ATF2-dependent effects in melanoma cell
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invasiveness. The N-terminal peptide spanning aa 50-100 of
ATF2 showed an active role in the sensitisation of melanoma cells
to treatment and shifted cells into apoptosis (127). The molecular
mechanism of the ATF2-derived peptide was identified as a sim-
ultaneous reduction of ATF2 transcription activity together with
an enhancement of the JNK/JUN and JUND signalling pathway
(126). The effect of the peptide was observed in sequestration of
ATF2 from the nucleus into the cytosol, which overall resulted in
inhibition of ATF2-dependent tumorigenic potential (157).
Xenografts also allowed the identification of novel drugs
interfering with ATF2 biological functions. The pharmaceutical
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mimicking effect of the anti-oncogenic character of ATF2-derived
peptides was identified in celastrol (CSL) and acetyl isogambogic
acid compounds and constituted promising pharmacological tools to
influence melanoma progression (158). The MAPK pathway activa-
tion with the small molecule MC3181 resulted in strong phosphor-
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ylation and activation of JNK pathways and triggered pro-apoptotic
behaviour of ATF2 (159).
All models combining genetically modified mouse models,

b(EUCOMM)Hmgu

IMSR: International Mouse Strain Resource; IMPC: International Mouse Phenotyping Consortium.

*Corresponding author—not registered at IMSR.

Table 1. ATF2-related mouse models
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isografts of modified melanoma cells or patient-derived tumour cell
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together with its action as a tumour suppressor or an oncogene, the
therapeutic approach should be carefully determined in a tumour
type-specific manner.
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