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KEYWORDS Abstract Activating transcription factors, ATFs, are a group of bZIP transcription factors that
Anti-tumor effect; act as homodimers or heterodimers with a range of other bZIP factors. In general, ATFs respond
ATF; to extracellular signals, indicating their important roles in maintaining homeostasis. The ATF
bZIP; family includes ATF1, ATF2, ATF3, ATF4, ATF5, ATF6, and ATF7. Consistent with the diversity
Cancer; of cellular processes reported to be regulated by ATFs, the functions of ATFs are also diverse.
Immunity; ATFs play an important role in cell proliferation, apoptosis, differentiation and inflammation-
Tumorigenesis related pathological processes. The expression and phosphorylation status of ATFs are also

related to neurodegenerative diseases and polycystic kidney disease. Various miRNAs target
ATFs to regulate cancer proliferation, apoptosis, autophagy, sensitivity and resistance to radio-
therapy and chemotherapy. Moreover, ATFs are necessary to maintain cell redox homeostasis.
Therefore, deepening our understanding of the regulation and function of ATFs will provide in-
sights into the basic regulatory mechanisms that influence how cells integrate extracellular
and intracellular signals into genomic responses through transcription factors. Under patholog-
ical conditions, especially in cancer biology and response to treatment, the characterization of
ATF dysfunction is important for understanding how to therapeutically utilize ATF2 or other
pathways controlled by transcription factors. In this review, we will demonstrate how ATF1,
ATF2, ATF3, ATF4, ATF5, ATF6, and ATF7 function in promoting or suppressing cancer develop-
ment and identify their roles in tumour immunotherapy.
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Introduction

The ATF/CREB family in mammals represents a large group
of basic-region leucine zipper (bZIP) transcription factors
(TFs) with many physiological functions. In the late 1980s,
these transcription factors were named due to their ability
to bind to the cyclic AMP response element (CRE) site
"TGACGTCA”." The characteristic feature of these proteins
is the bZIP element. The basic region of this domain is
responsible for specific DNA binding, while the leucine
zipper region is responsible for forming homodimers or
heterodimers with other proteins containing bZIPs, such as
the AP-1, C/EBP or Maf families.? According to the amino
acid sequence of these proteins in the bZIP region,
dendrogram analysis showed that some of these proteins
were more similar to other bZIP proteins, such as AP-1 (Fos/
Jun) and C/EBP, than other ATF/CREB proteins.” Members
of the ATF/CREB family share the same ability to cope with
environmental signals and maintain intracellular homeo-
stasis® (Table 1).

The common feature of the ATF family and
how they are grouped

TFs play a vital role in maintaining cell homeostasis by
combining DNA regulatory sequences to regulate gene
transcription rates. Activator protein 1 (AP-1) is one of the
earliest identified mammalian TFs.” AP-1 is a dimer com-
plex consisting of the following members: JUN (c-JUN, JUNB
and JUND), FOS (c-FOS, FOSB, FRA-1 and FRA-2), ATF (ATF1,
ATF2, ATF3, ATF4, ATF5, ATF6, ATF6B, ATF7) or MAF (c-MAF,
MAFA, MAFB, MAFF, MAFG and MAFK) protein family.>® bZIP
domains are a common trait of AP-1 members (Fig. 1A). An
X-shaped a-helical structure in the AP-1 complex is formed
by the leucine-zipper domain and the adjacent basic
domain, which binds to the DNA backbone (Fig. 1B).” ATF
TFs have a bZIP domain, which is a two-part element, the
basic region of which is in continuous sequence contact
with DNA. The leucine zipper mediates heterodimerization
and homodimerization. The sequence elements bound by
AP-1 TFs vary according to the unique homodimer or het-
erodimer combination. For example, JUN/JUN and JUN/
FOS recognize the 12-O-tetradecanoyl phorbol-13-acetate
response element (TRE) sequence, while ATF TFs bind to
CRE at the common site 5'-TGACGTCA-3'. Using the data
from the TCGA database, we analyzed the expression of
ATF1-7 in different tumours on the GEPIA website and chose
the tumour types with significant differences (P < 0.01)
between the tumour group and the control group as shown
in Figure. 2.

The known upstream signalling pathways that
regulate ATF activities

There are numerous pathways in cells that respond to
external signals and maintain homeostasis of the intracel-
lular environment by regulating the activity of ATF. For
example, phosphorylation of ATF1 by MAPK Sty1 is neces-
sary for oxidative stress responses in fission yeast cells.® p38
MAPK can regulate phosphorylated ATF1 and ATF2 to
regulate the functions of dendritic cells (DCs) and T lym-
phocytes, respectively.”'® TGF-p can inhibit the killing
ability of cytotoxic T cells by regulating the ATF1-Smad
dimer."" In addition to being regulated by intracellular
signalling pathways, ATF is also regulated by small intra-
cellular molecules, such as long noncoding RNAs (IncRNAs)
and miRNAs. For example, the IncRNA RP11-552M11.4 pro-
motes the occurrence and development of cervical cancer
by regulating miR-3941/ATF1 signalling.'? The TRAF6-JNK/
p38-ATF2 axis may promote the inflammatory activation of
microglia, thereby aggravating neuronal damage in the
brain.'> ATF3 and ATF4 form dimers to stimulate MMP13
expression after stimulation with TGF-p1'* The PERK and
SIRT1/2 signalling pathways can promote or suppress tu-
mours by regulating ATF4.">'® HAP70 enhances the stability
of ATF5 to extend the life span of glioma cells."” ATF6 is
usually the downstream target molecule of the STAT and
PERK signalling pathways.'®'” The transcriptional activa-
tion of ATF7 is usually mediated by p38.%°

ATFA1
ATF1 as an oncogene

ATF1 is a transcription factor belonging to the ATF/CREB
family, and it binds to the consensus ATF/CRE site
"TGACGTCA”?" The expression of ATF1 in lung cancer tis-
sues and lung cancer cells is higher than that in normal
tissues and cells. Cui et al’?> demonstrated that ATF1
silencing inhibited the migration and invasion of lung
cancer cells by regulating epidermal growth factor re-
ceptor (EGFR) and matrix metalloproteinase (MMP)-2.
Moreover, they hypothesized that fusion between EWSR1
and ATF1 may be present in lung cancer because several
reports have found EWSR1-ATF1 fusion genes in some
cancer cells.?> 2% Thus, EWSR1 rearrangements and fusion
with the ATF1 gene are hallmarks for tumour diagnosis.
The first report of ATF1 in malignant melanoma identified
the fusion gene EWS/ATF1, which acts as a tumour pro-
moter.2® Consistently, the expression of the anti-ATF1
single-chain antibody fragment in melanoma cells
decreased the activation of the CRE-dependent promoter
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Table 1  ATFs’ roles in different cancers.
ATF Tumors/tumor  Immune ATF status ATF Mechanism Target gene Result
family cells cells (activating/  function
members inhibited) on target
gene
ATF1 lung cancer silencing inducer  regulating epidermal growth factor EGFR and MMP2 inhibit the migration and invasion of
receptor(EGFR) and matrix lung cancer
metalloproteinases(MMP)-2 signaling
malignant Activating EWS and ATF-1 gene fusion induced by t(12; playing an oncogenic role in Ewing’s
melanoma 22) translocation sarcoma
colorectal suppressed suppressor acting as a suppressor in CRC higher ATF1 suppress CRC
cancer progression
thyroid cancer Activating repressor binding to the TSP-1-CRE site, inducing TSP-1 leading to thyroid tumor cell
down-regulation of TSP-1 promoter activity, invasion
increasing hepatocyte growth factor (HGF)
hepatocellular Activating — H3K27 acetylation increases the expression — increase proliferation, migration,
carcinoma of LncRNA GHET, which fasten occurrence invasion and EMT of HCC cells
and development of HCC through regulating
ATF1.
cervical cancer Activating = not in detail = could be used as a diagnostic marker
for cervical cancer in the future
breast cancer differential — not in detail — lower expression of ATF1 in early
expression of parity than in late parity and
ATF1 in nulliparity
different
parity periods
Dendritic Activating loss of Nrf2 increases the expression of MHCII Phosphorylation of CREB is known to
Cell and CD86,and leads to the be associated with up-regulation of
hyperphosphorylation of CREB/ATF1 CD86 and secretion of the cytokine,
transcription factors. IL-10
cytotoxic T Inhibited ATF1 inhibited the transcriptional of killing ability of cytotoxic T
lymphocytes granzyme B and interferon y lymphocytes is reduced. Tumor cells
(CD8 + T) escape from immune surveillance
CD4+ Th2 Inhibited CREB/ATF-1 bind to the proximal element of impede the transcription of IFNy in
the IFNy promoter. Th2 cells
ATF2 dermal Activating inducer  IL-1B induces MMP3 expression in dermal ~ MMP3 Enhance cell migration, which seems
fibroblasts fibroblasts via the ERK1/ATF2 signal axis. essential for the occurrence of skin
wound healing and genodermatoes
T-cell acute activating = loss of KLF4 in T-ALL leads to the aberrant — promote expansion of leukemia-
lymphoblastic activation of MAP2K7 and the initiating cells
leukemia (T-ALL) phosphorylations of JNK and ATF2
Melanoma activating repressor PKCe-ATF2 signal transcription inhibits FUK FUK promote melanoma motility,

and cellular fucosylation

adhesion, and invasiveness
(continued on next page)
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Table 1 (continued)

ATF Tumors/tumor  Immune ATF status ATF Mechanism Target gene Result
family cells cells (activating/  function
members inhibited) on target
gene
renal cell activating inducer  ATF2 promoted the transcription of Cyclin B1 Cyclin B1 and Cyclin D1 promote the proliferation of renal
carcinoma (RCC) and Cyclin D1 by bounding to their proximal cell carcinoma(RCC) cells and
cells promoter regions predict poor prognosis of RCC
patients
cervical cancer activating miR-204 can inhibit the proliferation and The low of miR-204 and high
cells autophagy of cervical cancer cells and expression of ATF2 in cervical cancer
induce apoptosis by targeting ATF2, but its can enhance the proliferation and
expression in cervical cancer tissues and autophagy of cervical cancer cells
cells is low.
glioblastoma activating Same as above
skin cancer inhibited repressor skin cancer is in the absence of ATF2 —:-catenin/+PS1 promote skin cancer progression
transcription, which leads to increase
-catenin and decrease PS1
human cancers inhibited inducer  JNK Suppresses Tumor Formation via a Gene- PPP2R5B, GABRA1, promote tumor formation
Expression Program Mediated by ATF2 and RCAN1
activated T activating ATF2/Jun complex and NFATp respectively increase the transcription of TNF-a
cells combine with CRE/k3 composite site gene by T-cell receptor ligands or by
calcium ionophore
dendritic in a balance CD99 long form (CD99LF) up-regulates the regulate DCs differentiation and its
cells status phosphorylated form of the ATF2 to maintain involvement in the immune response

ATF3 HCT 116 human

colorectal
cancer cells

lewis lung cancer
cells (LLC)

pancreatic
cancer cells

prostate cancer

skin cancer cells

overexpressed inducer

knocked out repressor

inducer
knocked out

repressor

ove rexpressed repressor

a lower level of CD1a transcription and
requires a short form of CD99 (SF) to
counteract this regulatory mechanism

ATF3 activated TIMP3 and 4
(metallopeptidase Inhibitor 3 and 4)genes to
inhibit MMP activity in B-catMut cells(ATF3
expression is constitutively activated,
because Wnt/Bcatenin activation is aberrant
in these cells due to the B-catenin mutation)
ATF3 and JDP2 directly regulate the stromal cellderived
expression of SDF-1, so their double defects factor 1 (SDF-1)
(especially in fibroblasts) promote the

growth of SDF-1 dependent tumors.

MTA2TR recruit ATF3 to the promoter region MTA2

of MTA2

TIMP3 and TIMP4

ATF3 promotes the activation of oncogenic AKT
AKT signaling

inhibit p53 expression and then activating p53
Stat3 phosphorylation

inhibit the invasion and migration of
HCT 116 human colorectal cancer
cells

promote tumor growth

enhance proliferation and
metastasis of pancreatic cancer cells
and xenograft

Loss of ATF3 promotes cell
proliferation and survival in Pten-
null prostate lesions

promote the proliferation of skin
cancer cells and enhance the
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ATF4

human breast

cancer cells

(MDA-MB231)

non-small cell

lung cancer

HT29 and CaCO2

colon cancer

cells
TFH
(follicular
helper T)
cells

melanoma/

NSCLC

glioma

lymphoma

pancreatic
adenocarcinoma
cells

NSCLC

osteosarcoma

gastric cancer

HER2+ breast
cancer

overexpressed

over-
expressed
over-

expressed

over-

expressed

knocked out

over-
expressed

over-
expressed
over-

expressed

over-
expressed

over-
expressed

knocked down

over-
expressed

inducer

inducer

inducer

inducer

inducer

inducer

inducer

inducer/
repressor

inducer/
repressor

TGF-B1 stimulated the formation of an ATF3 MMP13
and Smad4 complex at the MMP13 promoter

The overexpression of ATF3 enhances the B cell lymphoma
activity of Bclé gene, and the mutation of 6(Bcl6)

ATF3 binding site eliminates this effect.
Inhibition of ADORA1 can increase the PD-L1
expression of PD-L1 through ATF3 binding to

the PD-L1 promoter, thereby promoting

immune escape

DHA activates GPX4 via PERK/ATF4/HSPA5 HSPA5
pathway

MYC up-regulates ATF4,which suppresses
mTORC1-dependent signalling to prevent
proteotoxicity following MYC activation via
enhances the expression of 4E-BP1

PUM1 knockdown prevents tumor
progression by activating the PERK/elF2/
ATF4 signaling pathway

BP1)
inhibited cell
proliferation,

and EMT, and

promoted apoptosis

in vitro
SIRT1/2 inhibition activates ATF4-DDIT4- Promote survival
mTOR axis, which down-regulates mTOR and autophagy
induces autophagy in NSCLC cells.

ATF4 overexpression activated Cbl-c inducer: Cbl-c;

transcription and recruited Cbl-c to

accelerate RET degradation
member 5)

LXRB up-regulates ATF4 =

Activate the PKR-elF2«-ATF4 axis, and ATF4 +p21/-DUSP1
activated p21 transcription and inhibit
DUSP1

eukaryotic translation
initiation factor 4E
binding protein 1 (4E-

migration, invasion,

repressor:GRP78(heat
shock protein family A

development of skin keratinocyte
tumors
Accelerate the progress of breast
cancer.

contributes to Non-small cell lung
cancer (NSCLC) tumorigenesis
enhances the invasion and tumor
metastasis of HT29 and CaCO2 colon
cancer cells in vivo

ATF3 deficiency in CD4 + T cells
exacerbates colitis in mice.

Promotes Tumor Immune Evasion

up regulation of ATF4 can attenuate
ferroptosis induced by DHA in glioma
cells

MYC-induced ATF4 inhibits apoptosis
and promotes lymphoma cells
survival

PUM1 knockdown prevents tumor
progression by activating the PERK/
elF2/ATF4 signaling pathway in
pancreatic adenocarcinoma cells

Inhibition of SIRT1/2 upregulates
HSPA5 acetylation and induces pro-
survival autophagy via ATF4-DDIT4-
mTORC1 axis in human lung cancer
cells

overcome BTZ resistance

inhibit the progression of gastric
cancer and promote
chemosensitivity of gastric cancer
cells

suppresses HER2+ cancers and
improves trastuzumab therapy

(continued on next page)
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Table 1 (continued)
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ATF Tumors/tumor  Immune ATF status ATF Mechanism Target gene Result
family cells cells (activating/  function
members inhibited) on target
gene
ATF5 Cé6 and U87 activated inducer  HSP70 stablize ATF5 to promote survival of BCL2 and Egr-1 promote cell survival in glioma cells.
Glioma Cells C6 and U87 Glioma Cells
ovarian activated inducer  ATF5 up-regulates BCL2 expression to BCL2 Accelerate the development of
carcinoma promote the progression of ovarian cancer ovarian cancer.
hepatocellular inhibited(low repressor ATF5 in hepatocellular carcinoma induces ID1 suppress HCC
carcinoma expression in G2-M arrest and down regulate the
HCC) expression of ID1
ATF6 head and neck activated ATF-6a. up-regulated Induce cells to enter dormancy
squamous
carcinoma cells
HEp3 cells activated promote HEp3 cells survival through the promote HEp3 cells survival
mTOR signaling pathway
CRC activating as a marker of pre-cancerous atypical a potential role in the management
change in ulcerative colitis-associated of dysplasia
colorectal cancer
colon cancer activating inducer  ATF6 directly binds to the CIP2A promoter CIP2A prolong the survival of colon cells
cells and induces CIP2A gene expression
colorectal activating XBP1(s) and ATF6 1—373 activation results in reduce colorectal cancer cell
cancer cells cell cycle arrest in distinct phases by proliferation and stemness
activating PERK signaling
ovarian activated ID1 first activates NF-«kB signaling by confer cancer cells resistance to
carcinoma promoting nuclear translocation of NF- cisplatin and paclitaxel treatment.
kBp65, thereby enhancing the expression
and secretion of IL-6 in cancer cells, thereby
activating signal transducer and activator of
transcription 3 (STAT3) Through protein
phosphorylation at Y705. STAT3 promotes
the transcription of activated transcription
factor 6 (ATF6), which induces endoplasmic
reticulum stress to promote autophagy,
ATF7 B-lymphoma activated ATF2 and ATF7 activities suppress suppress lymphoma
cells tumorigenesis in mouse lymphoma models
CRC ATF7 expression was positively correlated suppress CRC
with 5-year overall survival or 5-year
progression-free survival
gastric cancer suppressed miRNA-103a-3p targets and suppresses ATF7 promotes the proliferation of human
cells in gastric cancer cells gastric cancer cells
Hepatocellular activated miR-340—5p is downregulated by HBV, which enhanced cell proliferation and

carcinoma (HCC)

enhances ATF7 expression

inhibition of apoptosis
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and inhibited the tumourigenicity and metastasis potential
of the CRE-dependent promoter in nude mice. Inhibition of
ATF1 can effectively reduce oesophageal cancer cell pro-
liferation, induce cell cycle arrest in S phase, and inhibit
cell migration and invasion. In addition, ATF1 silencing
significantly enhanced the sensitivity of oesophageal can-
cer cells to paclitaxel.?’

Hepatocyte growth factor (HGF)-induced down-
regulation of TSP-1 expression is mediated by the interac-
tion of ATF1 with the CRE binding site in the TSP-1
promoter, and this transcription factor plays a crucial role

A

Fos

MAF

i

bZIP Domain

I 5asic DNA binding region

@ Hydrophobic Lev-rich region

C

Table 1, ATF's potential interaction bZIP partner

Heterodimer formation

in tumour invasiveness in papillary carcinoma of the thyroid
triggered by HGF.?® LncRNAs are aberrantly expressed in
many malignant tumours and are involved in regulating the
malignant phenotype of cancer cells. LncRNA GHET1
(gastric carcinoma high expressed transcript 1) activated by
H3K27 acetylation is upregulated in hepatocellular carci-
noma (HCC) tissues and cell lines, promoting cell tumouri-
genesis by binding to ATF1 protein in HCC.?° LINC00665
contributes to the progression of CRC by regulating the miR-
9-5p/ATF1 axis.’® These results indicate that ATF1 can be
used as a new therapeutic target in cancer treatment.

Crystal structure of the JUN BZIP homodimer complexed with AP-1 DNA

Table 2. Summary of the relative DNA binding specificities of
various ATF/Fos/Jun heterodimers

Heterodimer Binding specificity(ies)

ATF-1 ATF-2 ATF-3 ATF-4 ATF-5 ATF-2/Jun CRE>ENK-2>AP-1
Jun = + + + s ATF-3/Jun CRE,AP-1,ENK-2
Fos - + - + - ATF-4/Fra-1 CRE>AP-1
Fra-1 - - - - AYF-4/Fos CRE
ATF3 - + - - - ATF-4/Jun CRE
ATF4 - - - - + Relative affinity of CRE, AP-1, and Enk-2 sites for a given dimer
is indicated in order by “>”
57 105 151 225 251 325 470 532
ATF-1 | - ‘ HRA I ‘ HRR | | bZIP | | Key to elements
Osmotic stress activation
- (OSA)
Homologous
:l:j L‘ Metal finger | ‘ LZ | NBD | | - recombination activation
(HRA)
: Homologous
ATE-3 L recombination repression
(HRR)
ATF4 | Basic Region | Lz l ‘
ATF-5 D leucine zipper(LZ)
ATF-6

Figure 1

] nucleotide-bindind domain
(NBD)

The AP-1 transcription factor family members. (A) Schematic diagram of the structure of AP-1 protein (including FOS,

ATF, JUN, and MAF). AP-1 TF has two common areas, namely the basic motif and leucine zipper. Together, these areas form a bZIP
domain (B) Crystal structure of the JUN BZIP homodimer complexed with AP-1 DNA from Protein Data Bank(PDB) (C) ATFs’ potential
interaction bZIP partners (D) summary of the relative DNA binding specificities of various ATF/Fos/Jun heterodimers (E) More

detailed functional domains of ATFs.
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Figure 2 Box plot made on GEPIA. |Log2FC| Cutoff = 1, P
Cutoff = 0.01. CHOL: Cholangio carcinoma; DLBC: Lymphoid
neoplasm diffuse large B-cell lymphoma; GBM: Glioblastoma
multiforme; LGG: Brain lower grade glioma; PAAD: Pancreatic
adenocarcinoma; STAD: Stomach adenocarcinoma; THYM:
Thymoma; ESCA: Esophageal carcinoma; TGCT: Testicular germ
cell tumors; BLCA: Bladder urothelial carcinoma; BRCA: Breast
invasive carcinoma; KICH: Kidney chromophobe; KIRC: Kidney

Early diagnosis is vital for the treatment of tumours, and
ATF1 can be used as a biomarker for the early diagnosis of
tumours. ATF1 mRNA expression was significantly increased
in primary and recurrent cervical cancer mouse models. ATF1
was also detected in blood exosomes, indicating that ATF1
can be used as a potential candidate biomarker for the early
diagnosis of cervical cancer.?' Studies have found that the
risk of breast cancer in early parity is lower than that in late
parity and nulliparity because early pregnancy can reduce
the expression of key proteins involved in the mitotic sig-
nalling pathway in breast tissue by downregulating ATF1 and
other proteins. Early parity also has higher genomic stability
and less tissue inflammation, which is based on differential
expression of ATF1, among other proteins.>?

ATF1 as a tumour suppressor

The expression of ATF1 protein in colorectal cancer (CRC)
tissues was significantly lower than that in corresponding
normal tissues. High expression of ATF1 can predict better
outcomes for overall survival and progression-free survival
in patients with CRC.** However, a recent study noted that
the synergistic effect of ATF1 and its target genes related
to apoptosis, Wnt, TGF-B, and the MAPK pathway is closely
related to the early pathogenesis of the TCGA cohort and
their CRC-affected patients, and these effects could
cooperatively increase the risk of CRC.**

Identifying the role of ATF1 in immune regulation

Regarding immunization, the deletion of nuclear factor-
erythroid 2 (NF-E2) p45-related factor-2 (Nrf2) changes the
function of DCs and leads to the hyperphosphorylation of
CREB/ATF1 transcription factors. Inhibition of p38 MAPK
resulted in a prominent but incomplete reversal of DC
function in Nrf2-deficient DCs, indicating that other path-
ways or factors are also involved, suggesting that the p38
MAPK-CREB/ATF1 axis is involved in Nrf2-mediated DC
function regulation.’ Phosphorylation of CREB is known to
be associated with the upregulation of CD86 and secretion
of the cytokine IL-10.3%:%¢

Transforming growth factor-p (TGF-B) can inhibit the
expression of multiple cytotoxic genes in cytotoxic T lym-
phocytes and enable tumour cells to escape immune sur-
veillance. TGF-B can mediate Smad-ATF1 to directly bind to
the granzyme B (GzmB) and interferon y (IFNy) promoter
regions, resulting in decreased expression of GzmB and
IFNy. The Kkilling ability of cytotoxic T lymphocytes is
reduced, indicating that ATF1 plays a critical transcrip-
tional inhibitory role on GzmB and IFNy."" Research on
Jurkat T cells revealed that CREB/ATF1 is also involved in
the repression of IFNy during the differentiation of CD4™

renal clear cell carcinoma; KIRP: Kidney renal papillary cell
carcinoma; LAML: Acute myeloid leukemia; LIHC: Liver hepa-
tocellular carcinoma; LUAD: Lung adenocarcinoma; LUSC: Lung
squamous cell carcinoma; SKCM: Skin cutaneous melanoma;
UCS: Uterine carcinosarcoma; CESC: Cervical squamous cell
carcinoma and endocervical adenocarcinoma; OV: Ovarian se-
rous cystadenocarcinoma; PCPG: Pheochromocytoma and par-
aganglioma; UCEC: Uterine corpus endometrial carcinoma.
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Th2 cells by binding to the proximal element (273—248 bp)
of the IFNy promoter.*’

ATF2

ATF2 — also known as cAMP response element binding
protein 2 (CREB2) and CRE-BP1—is a member of the acti-
vating protein-1 (AP-1) transcription factor family that
regulates gene expression through homodimerization or
heterodimerization with other AP-1 family members, such
as the CREB, Fos, Maf, or Jun family transcription factors.*®
ATF2 contains basic/leucine zipper motifs (bZIPs) and par-
ticipates in inflammation by regulating gene expression.>%°

ATF2 as an oncogene

ATF2 can contribute to regulating the expression of matrix
metalloproteases (MMPs), which are zinc-dependent
neutral endopeptidases that play an essential role in the
process of tissue remodelling by degrading extracellular
matrix (ECM) components.*’"** A recent study confirmed
that ERK1 mediates IL-1B activation of the ERK1/ATF2 sig-
nalling axis in dermal fibroblasts and that ERK1 promotes
cell migration through MMP-3 expression.** However,
fibroblast activation and abnormal ECM remodelling can be
typical hallmarks in three cancer-prone genodermatoses.*
Although most T-cell acute lymphoblastic leukaemia (T-
ALL) patients show activation mutations in Notch 1, the
cogenetic events required to accelerate the occurrence
and progression of leukaemia are largely unclear. However,
the loss of Kriippel-like factor 4 (KLF4) in T-ALL in mice and
children leads to the abnormal activation of MAP2K7 and
downstream effectors JNK and ATF2, promoting the
expansion of leukaemia-initiating cells.*> Studies have
shown that progression in leukaemia models (T-ALL mouse
model and pediatric T-ALL model) can be limited by
inhibiting the activation of the stress kinase MAP2K7 and its
downstream targets JNK, c-JUN, and ATF2.%

Among transcription factors regulated by the MAPK and
PDK1 pathways, ATF2 is a member of theAP-1 complex. The
phosphorylation of ATF2 on Thr®®/7" by p38, c-Jun N-terminal
kinase (JNK), or the ERK cascade can have transcriptional
activity, while its phosphorylation on Thr*® by PKCe can guide
its nuclear localization, thereby increasing its overall tran-
scription output. Compared with early-stage melanoma, the
expression and phosphorylation of ATF2 by PKCe was
increased in advanced melanoma. Increased ATF2 tran-
scriptional activity was associated with decreased FUK
expression, cellular protein fucosylation, cell adhesion, and
increased cell motility.*” Wu et al*® revealed the enrichment
of ATF2 in the proximal promoter regions of cyclin B1 and
cyclin D1, suggesting that ATF2 promoted the transcription of
cyclin B1 and cyclin D1, thus promoting the proliferation of
renal cell carcinoma (RCC) cells. High expression of ATF2 was
associated with aggressive clinicopathological features in
RCC patients and predicted poor prognosis.

ATF2 as a tumour suppressor

Although most studies have shown the cancer-promoting
properties of ATF2, a few studies have found that ATF2 plays

a role in suppressing growth in specific cancers. The
expression of ATF2 in the nucleus of human skin cancer
tissue is significantly lower than that of normal skin. In the
absence of transcriptionally active ATF2, presenilin 1 (PS1)
expression decreased, while B-catenin expression increased,
resulting in epidermal hyperproliferation.*” Unlike an
oncogene of liver tumours in mouse studies, clinical data
showed that ATF2 played a tumour suppressive role in
human tumours by targeting PPP2R5B, GABRA1, and
RCAN1.*°

The role of ATF2 in molecular therapy of tumours

Consistent with the carcinogenic effect of ATF2 in mela-
noma, the use of small molecules or peptides to inhibit its
transcriptional activity or nuclear localization will impair
the development of melanoma and reduce metastasis
in vivo.’"*? The expression of miR-204 is low in cervical
cancer tissues and cells, and it can inhibit the proliferation
and autophagy of cervical cancer cells and induce apoptosis
by targeting the ATF2 3-UTR.“® In addition, previous
studies®® have demonstrated that miR-204 can specifically
inhibit the expression of ATF2 protein and regulate the pro-
liferation, migration, and invasion of human glioblastoma.

Identifying the role of ATF2 in immune regulation

Regarding immunity, p38 MAPK may induce c-Jun activation
in primary mouse T cells by phosphorylation of ATF2, and
this process is related to the proliferation of T cells. Studies
have demonstrated that the cAMP-responsive element
(CRE) site (rather than AP-1 or AP-2) plays a crucial role in
the induction of the TNF-a gene by T cell receptor ligands
or calcium ionophores binding to ATF2/Jun proteins.'® The
ATF2 and Jun proteins cooperate with NFATp (a member of
the nuclear factor of activated T cells [NFAT] family of
proteins) at the TNF-a CRE/k3 site.'® CD1a expression is one
of the main characteristics identified during in vitro human
dendritic cell generation. It is believed that CD1a™¢" MoDCs
produced in vitro are closest to inflammatory CD1a DCs
in vivo.>*>° These inflammatory DCs are critical antigen-
presenting cells that initiate pathogen-specific immune
responses and play a key role in controlling inflammation
and infection.”®>” To this end, a study demonstrated that
the CD99 long form (CD99LF) maintains a lower level of
CD1a transcription by upregulating the phosphorylated
form of ATF2 and requires a short form of CD99 (SF) to
counteract this regulatory mechanism.®® Moreover, cyto-
kines and growth factors also participate in the regulation
of CD1a through the cyclic AMP pathway activation of
transcription factors ATF2 and CREB.>%:%°

The role of ATF2 in inflammation

Consistent with the diversity of cellular processes reported
to be regulated by ATF2 transcription, there are also
numerous pathologies related to ATF2 changes. For example,
the expression of p-ATF2 through the JNK and p38 signalling
pathways is related to the apoptosis of KBD cartilage chon-
drocytes,®' consistent with its role in osteoclast differenti-
ation.®? In addition to its role in inflammation-related signal
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transduction pathways, changes in ATF2 expression and ac-
tivity are also related to inflammation-related pathologies,
including high expression in infiltrating macrophages, and
may suppress AFT3 transcription in M1 macrophages of white
adipose tissue in obesity.®®> ATF2 is a serological marker of
inflammation and lung involvement in systemic sclerosis
(SS¢).%* ATF2 activation can also be observed in hepatitis and
gastritis.®> Changes in the expression and phosphorylation
status of ATF2 are also associated with a variety of pathol-
ogies, including various neurodegenerative diseases, poly-
cystic kidney disease, and diabetic amylin-induced
pancreatic B-cell death.®® % Inflammatory-cancer trans-
formation is challenging in cancer research. The role of ATF2
in cancer and inflammation may be related, but there are
no clear data to prove it. In addition to participating in
inflammation-related pathological processes, a recent study
reported that ATF2 and ATF7 are essential for epithelial
homeostasis, but in the process of intestinal epithelial injury
and repair, they need to maintain epithelial regeneration
and prevent cell death.®’

ATF3

ATF3 is an adaptive response gene involved in cellular
processes that adapt to extracellular and/or intracellular
changes, including DNA damage, cellular injury, and
oxidative stress. ATF3 activates or inhibits gene expression
by transmitting signals from different receptors.? ATF3 was
isolated from the serum-induced Hela cell cDNA library and
encodes 181 amino acids with a molecular weight of
22 kDa.”’ To date, five alternative isomers, ATF3Azip,
ATF3Azip2 (ATF3Azip2a and ATF3Azip2b), ATF3Azip2c,
ATF3Azip3, and ATF3b, of ATF3 have been reported in
different cell systems, all of which are formed by a ca-
nonical ATF3 truncation of the C- or N-terminal region.”’
Functionally, other subtypes (leucine zipper domain de-
fects), except ATF3b, cannot bind DNA and counteract the
transcriptional repression of ATF3.7"72

ATF3 as a tumour suppressor

In the cellular context of cancer, ATF3 may be a tumour
suppressor gene or an oncogene.’ ATF3 is the target gene of
multiple signalling pathway networks, including JNK,”#~7¢
p53,778 c-Myc’?%% and Smad.®" The stress response gene
ATF3 is transcriptionally activated by binding of B-catenin
and T-cell specific transcription factor (TCF4) to the
redundant TCF4 site at the proximal promoter region of the
ATF3 gene, indicating that ATF3 is a direct target of the
Wnt/B-catenin pathway. Moreover, ATF3 acts as a negative
regulator of the migration and invasion of HCT116 human
colon cancer cells exhibiting aberrant Wnt/B-catenin ac-
tivity, which was consistent with a previous report.®? Acti-
vating transcription factor 3 (ATF3) and c-Jun dimerization
protein 2 (JDP2) are members of the bZIP family of tran-
scription factors. A recent study showed that mice with dual
defects in ATF3 and JDP2 (dKO) have larger tumours with
higher vascular perfusion and cell proliferation rates than
wild-type (WT) mice. JDP2 and ATF3 can inhibit the pro-
moter of stromal cell-derived factor 1 (SDF-1) in tumour-
associated fibroblasts to repress tumour growth.®

High levels of phosphorylated AKT and S6 protein were
observed in ATF3-deficient prostate lesions, demonstrating
that the absence of ATF3 promotes the activation of
oncogenic AKT signalling. Consistent with these in vivo re-
sults, single guided RNA(sgRNA)-mediated targeting re-
duces ATF3 expression in human prostate cancer cells,
thereby activating AKT and increasing MMP9 expression.5
This result indicates that ATF3 can serve as an anticancer
barrier, and it functions to eliminate carcinogenic stress to
prevent the development of prostate cancer.

ATF3 as an oncogene

Recently, it has been reported that metastasis-associated
protein 2 (MTA2) transcriptional regulator IncRNA (MTA2TR)
upregulates MTA2 expression by recruiting activating tran-
scription factor 3 (ATF3) to the promoter region of MTA2,
resulting in MTA2TR enhancing proliferation and metastasis
in pancreatic cancer cells and xenograft models.> A study
showed that ATF3 accumulates in skin cancer tissues and
promotes the proliferation of skin cancer cells by inhibiting
p53 expression and then activating Stat3 phosphorylation.%¢
TGF-B1 enhances ATF3 expression in human breast cancer
cells.®” After TGF-B1 stimulation, ATF3 and ATF4 form a
heterodimer in the promoter region of MMP13 and promote
the expression of MMP13." Compared with normal bron-
chial epithelial cells, the expression of ATF3 in NSCLC cells
is increased, suggesting that the upregulation of ATF3
expression contributes to non-small cell lung cancer
(NSCLC) tumourigenesis.®® ATF3 inhibits colon cancer cell
invasion and migration, which was contrary to a previous
report. Another study showed that ATF3 expression
enhanced the invasive characteristics and tumour metas-
tasis of HT29 and CaCO2 colon cancer cells in vivo.®’ These
observations indicate that ATF3 plays a dual role in colon
cancer. In many human breast cancers, the expression of
ATF3 is upregulated, which may be attributed to the
amplification of the ATF3 gene located in the amplicon of
chromosome 1q, which is the most common amplified re-
gion in breast cancer.”® Overexpression of ATF3 can in-
crease the level of Akt phosphorylation in the PI3K/Akt
signalling pathway to increase radiation resistance.’’ TGFB
induces ATF3 in malignant breast cancer cells, and ATF3
upregulates the expression of the TGFp gene itself, forming
a positive feedback loop. Functionally, ATF3 enhances the
function of epithelial to mesenchymal transition (EMT) and
cancer initiating cells.””

Identifying the role of ATF3 in immune regulation

Recently, a study showed that ATF3 is a regulator of in-
testinal follicular helper T (TFH) cells, which determines
susceptibility to colitis. The lower the expression of ATF3,
the more susceptible one is to colitis. B cell lymphoma 6
(Bclé) was identified as a transcriptional target of ATF3 in
intestinal Try cells.”® In recent years, an increasing number
of studies have been conducted on the blockade of immune
checkpoints, resulting in considerable clinical benefits for
various malignant tumours, such as metastatic melanoma
and NSCLC.°*% ATF3 acts as an immunomodulator in lipo-
polysaccharide (LPS)-treated mice by interacting with
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nuclear factor-kB (NF-«B) and inhibiting proinflammatory
cytokines (such as interleukin 6 [IL-6], IL-12b and Toll-like
receptor 4 [TLR-4]) in innate immunity.’®°” ATF3 inhibits
LPS-induced chemokine (CXC motif) ligand 1 production in
the mouse airway but promotes neutrophil chemotaxis
through T-cell lymphoma infiltration and metastasis 2
(TIAM2) expression.”® In addition, compared with ATF3+/*
mice, ATF3”" mice have higher levels of basal and LPS-
stimulated chemokine (C—C motif) ligand 4 (CCL4) mRNA
and protein in BMDMs.”® Moreover, Liu et al indicated that
the downregulation of the tumour suppressor ADORA1 in-
duces the upregulation of PD-L1 via ATF3. Inhibition of
ADORA1 can increase the expression of PD-L1 through ATF3
binding to the PD-L1 promoter, thereby promoting immune
escape. The ADORA1 antagonist can synergistically enhance
the antitumour effect of an anti-PD-1 mAb in mice. The
levels of ADORA1 and ATF3 can predict the effectiveness of
PD-1 mAb treatment in cancer patients.'® ATF3 induction
was observed after interferon (INF) treatment. Type |
interferon (IFNa/B) induces the expression of ATF3 in
human and mouse immune cells. ATF3 further regulates a
subset of IFN-B stimulation genes, including CCL12, CCL3,
Ch25h, and Clecde.™" ATF3 activates tenascin-C through
the Wnt/B-catenin signalling pathway to promote the
migration and M1/M2 polarization of RAW 264.7 macro-
phages. ' These phenomena indicate that ATF3 may play a
role in tumour immunity.

ATF4

ATF4 mRNA is present in all tissues examined thus far.”’
Although various extracellular signals can upregulate the
level of ATF4 in different cell types, its regulatory pattern
mainly occurs at the transcriptional initiation and post-
transcriptional levels.?' ATF4 mRNA contains short up-
stream open reading frames (UORFs) in its 5’ untranslated
region (5UTR). These uORFs lead to the synthesis of the
ATF4 protein, similar to the yeast protein GCN4: tran-
scription initiation from the coding AUG is inhibited under
nonstimulated conditions. However, under stressed condi-
tions, the protein is assembled and leads to elF2-o phos-
phorylation. Moreover, ATF4 helps to cope with ER stress by
activating genes for antioxidant and amino acid meta-
bolism.'® After endoplasmic reticulum stress, ATF4 is
preferentially translated and then translocated to the nu-
cleus, where ATF4 directs the transcription of UPR regula-
tory genes. '™

ATF4 as an oncogene

Dihydroartemisinin (DHA) induces endoplasmic reticulum
(ER) stress in glioma cells, resulting in upregulation of ATF4
by protein kinase R-like ER kinase (PERK) to induce heat
shock protein family A (Hsp70) member 5 (HSPA5) expres-
sion. Subsequent upregulation of HSPA5 increases the
expression and activity of glutathione peroxidase 4 (GPX4),
which neutralizes DHA-induced lipid peroxidation, thereby
protecting glioma cells from ferroptosis. Therefore, inhi-
bition of the adverse feedback pathway will be a promising
therapeutic strategy to enhance DHA against glioma activ-
ity." In addition to being activated by PERK, ATF4 can be

upregulated by general control nonderepressible 2 (GCN2)
kinase, which is activated by MYC through uncharged
transfer RNAs. Subsequently, ATF4 can occupy more than 30
promoter regions of MYC target genes, mainly genes that
regulate amino acid and protein synthesis, including
eukaryotic translation initiation factor 4E binding protein 1
(4E-BP1), a negative regulator of translation. 4E-BP1 re-
lieves MYC-induced protein toxicity stress and is essential
for balancing protein synthesis. 4E-BP1 activity is nega-
tively regulated by mammalian target of rapamycin com-
plex 1 (mTORC1)-dependent phosphorylation. Inhibition of
mTORC1 signalling can rescue ATF4-deficient cells from
MYC-induced ER stress. Acute deletion of ATF4 significantly
delays MYC-driven tumour progression and increases sur-
vival in mouse models. ' Moreover, compared with normal
tissues, the activation/overexpression of GCN2 and the in-
crease in phosphorylated elF2a were observed in human
and mouse tumours. Abolishing the expression of ATF4 or
GCN2 significantly inhibited tumour growth in vivo.'%
These results indicate that the GCN2-elF2a-ATF4 pathway is
essential for maintaining metabolic homeostasis in tumour
cells, making it a novel and attractive target for antitumour
strategies. ATF4 can induce prosurvival autophagy, pro-
tecting cells from apoptosis in other cases. For example,
mechanistically, SIRT1/2 (sirtuin 1/2) inhibition induces
autophagy in NSCLC through the acetylated heat shock 70-
kDa protein 5 (HSPA5)-mediated ATF4-DDIT4 (DNA damage-
inducible transcript 4)-mTOR signalling pathway.'”” These
findings suggest that combinatorial treatment with SIRT1/2
inhibitors and pharmacological autophagy inhibitors is an
effective strategy for cancer therapy. p-Ser245 ATF4 has
been shown to increase VEGF expression in prostate cancer
cells.'® The expression of ATF4 is also related to cisplatin,
doxorubicin, etoposide, SN-38 and vincristine resistance. '’
These results indicate that ATF4 is a sensitive rheostat that
can ensure that the increased translation rate is compatible
with survival and tumour progression.

ATF4 as a tumour suppressor

In contrast, recent articles have shown that the PERK/
elF2/ATF4 pathway promotes tumour cell apoptosis, in-
hibits tumour proliferation, invasion and migration of
pancreatic cancer by resisting Pumilio RNA-binding family
member 1 (PUM1), which has been reported to function as
an oncogene in ovarian cancer''® and NSCLC.""""""2 These
results suggest that ATF4 promotes autophagy. Addition-
ally, low expression of ATF4 was detected in both osteo-
sarcoma clinical samples and bortezomib-resistant
sublines (OS/BTZ), and the study showed that ATF4
overexpression markedly reversed BTZ resistance in OS/
BTZ cells by activating Cbl proto-oncogene C (Cbl-c)
transcription and then recruiting Cbl-c to accelerate RET
degradation.''® Consistent with the anticancer properties
of ATF4, one study showed that the expression of liver X
receptor § (LXRB) and ATF4 in paracancerous tissues and
gastric mucosal epithelial cells was significantly higher
than that in gastric cancer tissues and cells. LXRB upre-
gulates ATF4 to inhibit the progression of gastric cancer
and promote the apoptosis and chemosensitivity of gastric
cancer cells."™ Activation of the PKR-elF2a-ATF4 axis
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upregulates the CDK inhibitors p21“'™" and p-JNK1/2 to
improve HER2™" breast cancer sensitivity to trastuzumab
therapy.'® However, the ambiguous role of ATF4 in pro-
moting cell survival and apoptosis makes targeting ATF4 a
dangerous approach.

Identifying the role of ATF4 in immune regulation

A recent article reported that the HRI (haeme-regulated
inhibitor)/elF2a/ATF4/HSPB8 (heat shock protein B8) sig-
nalling axis is essential for controlling the assembly of NOD
signalosomes and the continued activation of NF-«kB signals,
demonstrating that this pathway plays a vital role in innate
immune signalling.'"® Arsenic trioxide (ATO) mediates the
dysfunction of macrophages through the continuous acti-
vation of ATF4, including the release of cytokines, removal
of bacteria, and apoptosis of macrophages.''® These
studies identified a new role of ATF4 in the potential
pathogenesis of macrophage dysregulation and immuno-
toxicity of arsenic.''® Liu et al'"” found that ATF4 promotes
tumour growth of endometrial cancer by promoting CCL2
and subsequent macrophage recruitment, and the ATF4/
CCL2 axis may be a potential therapeutic target for EC.
ATF4 can be induced by oxidizing environments and amino
acid starvation in CD4" T cells. Atf4-deficient CD4™ T cells
have defects in redox homeostasis, proliferation, differ-
entiation, and cytokine production. Th1 cells are decreased
in ATF4-deficient mice, but the Th17 immune response is
elevated."'® In contrast to ATF3, ATF4 acts as a positive
regulator of TLR4-triggered cytokine production. ATF4 is
activated and translocates to the nucleus following LPS
stimulation via the TLR4-MyD88-dependent pathway.
Mechanistically, upon LPS stimulation, MyD88 is recruited to
TLR4 via its TIR domain, and then MyD88 recruits IRAK and
TRAF6, which activate the TAK1 and TAB1/2/3 complex.
JNK is phosphorylated by the activated complex and then
phosphorylates c-Jun, which forms heterodimers with ATF4
via the leucine zipper. This dimer binds to DNA and pro-
motes the transcription of specific genes, thereby resulting
in the secretion of relevant inflammatory cytokines.""’

ATF5

The transcription factor ATF5 belongs to the bZIP transcrip-
tion factor family. This family includes other well-known
proteins, such as cCREB, FOS, and NRF2. These bZIP proteins
are composed of amphiphilic leucine zippers that mediate
heterologous and homodimerization through a coiled-coil
domain and a fundamental N-terminus involved in DNA bind-
ing."2% 121 ATF5 is classified into the ATF4 subfamily of bZIP
transcription factors based on the dimerization characteris-
tics of the leucine zipper domain of ATF5."?? Compared with
the main heterodimer FOS or the predominant homodimer
CREB, ATF5 is prone to heterologous and homodimerization
with transcription factors andis considered to be promiscuous
in its binding capacity,'?* although few ATF5 dimerization
partners have been published. CCAAT/enhancer-binding
protein-y (C/EBPy) is a proposed ATF5 binding partner.'?
Studies with overexpression of d/n forms indicate that ATF5
can heterodimerize with ATF4 and C/EBP (another group of
bZIP transcription factors) but not with CREB, Fos, Jun or

ATF2."2 ATF5 plays a role in neurosynaptic plasticity and
memory, endoplasmic reticulum and cellular stress, mainte-
nance of neural progenitor cells, and cell proliferation.'**

ATF5 as an oncogene

ATF5 expression is highly upregulated in various forms of
cancer, such as glioma, breast cancer, lung cancer,'?
rectal cancer,'?® etc. Therefore, ATF5 may have a carci-
nogenic effect in these cancers and be overexpressed in
malignant tissue. HAP70-mediated stabilization of ATF5 led
to increased ATF5 activity and transcription of downstream
ATF5 targets, such as BCL2 and Egr-1, in C6 and U87 glioma
cells."”” ATF5 promoter methylation in gliomas is signifi-
cantly reduced in advanced gliomas compared to low-grade
gliomas and normal tissues, suggesting that changes in
promoter methylation drive abnormal ATF5 expression in
high-grade gliomas.'?’

Compared with other cancer types, the mechanism by
which ATF5 promotes cell survival has been well studied in
gliomas. For example, studies by Karpel-Massler et al showed
that the interference ATF5 activity by CP-d/n-ATF5-51
administration downregulates the ubiquitinase Usp9x.
Because Usp9x stabilizes the antiapoptotic proteins BAG3,
MCL1 and Bcl-2, CP-d/n-ATF5-S1 mediates the down-
regulation of Usp9x and leads to an apoptotic response.’?

As in gliomas, nuclear ATF5 expression is significantly
upregulated in breast cancer relative to paired normal
breast tissues, and it is also significantly upregulated in
invasive ductal carcinoma, invasive lobular carcinoma, in
situ ductal carcinoma and in situ lobular carcinoma.'?’

Chen et al'*° analysed the expression of ATF5 in clinical
samples of epithelial ovarian cancer and found that ATF5 was
significantly upregulated compared to benign and normal
ovarian tissues, and the expression of ATF5 was also related
to the cancer stage. Additionally, the interference of ATF5
activity by transient transfection of dnATF5 led to increased
apoptotic reactions, accompanied by downregulation of Bcl-
2 expression. Whether Bcl-2 downregulation is responsible
for apoptosis or whether dnATF5 has any effect independent
of ATF5 was not investigated. In addition to being involved in
tumour apoptosis, ATF5 also plays a regulatory role in tumour
EMT. ATF5 promotes radioresistance in nasopharyngeal car-
cinoma by promoting EMT."*'

Initially, ATF5 was considered to be an antiapoptotic
factor because it regulates the expression of the anti-
apoptotic components Bcl-2 and MCL1,"3%"3233 and mul-
tiple studies have shown that ATF5 inhibition leads to the
death of a variety of cancer cell types. ATF5 also regulates
growth and metabolism coordination factors, such as EGR1,
mTOR and FGF21, as well as mitochondrial protection
genes.'*713¢ |n addition to the growth-promoting and
antiapoptotic phenotype, ATF5 also enhances the resis-
tance to radiotherapy'®” and the invasiveness of tumour
cells by inducing integrin-a;, and integrin-B;."*®

ATF5 as a tumour suppressor

Another interesting feature of ATF5 in cancer has been
observed in hepatocellular carcinoma, where ATF5 seems
to have a tumour-suppressive effect.”*® According to
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reports, ATF5 is involved in growth inhibition via cell cycle
arrest at the G,-M phase. Through differential gene
expression analysis, the downstream target of ATF5 was
analysed, and the helix-loop-helix protein ID1 was identi-
fied as the target of ATF5. Mobility change analysis showed
that ATF5 binds to the cyclic AMP response element (CRE) in
the promoter of ID1. Consistent with the inhibitory effect of
ATF5 on CRE, ATF5 expression was negatively correlated
with ID1 expression. Studies on the mechanism of ATF5
downregulation in hepatocellular carcinoma demonstrated
that DNA mutations, promoter methylation, histone modi-
fication, and gene copy loss were all responsible for the loss
of ATF5 expression.’* One study supported the tumour
suppressor effect of ATF5 in liver cancer and emphasized
that ID1 is a potential downstream target.'>® ATF5 expres-
sion is also significantly correlated with tumour grade in
several cancer types, including rectal cancer, glioma, and
ovarian carcinoma,'2¢-130,140

The role of ATF5 in molecular therapy of tumours

In a proof-of-principle experiment, a retrovirus with a
function-blocking mutant form of ATF5 was injected into a
rat glioma model, causing death in infected tumour cells
but not in infected brain cells outside of the tumour.™
These results have led to the development of a systemically
deliverable dnATF5 peptide fused to a penetration motif,
allowing extracellular access.'?®'“> The broad expression
of ATF5 in glioblastoma and the selective effects of inter-
ference with ATF5 function/expression on survival suggest
that ATF5 may be an attractive target for the treatment of
such tumours.

The ATF5 antagonist (mainly negative ATF5; d/n-ATF5) is
designed as an N-terminal truncated construct whose DNA
binding domain is replaced by an acidic amphiphilic a-helix
sequence that contains leucine (mostly heptad repeats
of leucine) and an unchanged leucine zipper and C-
terminus.'*®

Relative to other cancers, the mechanism by which ATF5
promotes cell survival has been well studied in gliomas. For
example, Karpel-Massler et al'?® showed that administra-
tion of CP-d/n-ATF5-51 (a chemically synthesized variant of
this dominant-negative peptide) interferes with ATF5 ac-
tivity, leading to the downregulation of Usp9x. Subse-
quently, Usp9x cannot stabilize the antiapoptotic proteins
BAG3, MCL1, and Bcl-2. The anticancer mechanism of
dnATF5 can be attributed to the disruption of ATF5 homo-
dimers, heterodimers, or ATF5 associating bZIP homo/het-
erodimers.' Transfection of the d/n-ATF5 transgene
triggered considerable apoptosis in glioma, breast, ovarian,
and pancreatic cancer cell lines.'?*"3%45 Unfortunately,
research on ATF5 in tumour immunotherapy has not been
found thus far.

ATF6
ATF6 and its role in UPR

ATF6 is a transmembrane protein located in the endoplasmic
reticulum (ER) and a member of the leucine zipper

transcription factor family. The 50 kDa activated form of ATF6
isknown for its role in signal transduction related to ER stress.

Mammals express two homologous ATF6 proteins, ATF6a.
(670 amino acids) and ATF6B (703 amino acids). The
biochemical and physiological properties of the former are
significantly better than those of the latter. The C-terminus
of the ATF6 isoforms extend into the lumen of the ER, while
the N-terminus faces the cytoplasm. The cytoplasmic part
of ATF6 contains the basic leucine zipper (bZIP) DNA bind-
ing and transcription activation domain, followed by a 20
amino acid transmembrane domain. Interestingly, although
ATF6o. and ATF6B have significant sequence homology,
these isoforms exhibit different transcription activation
domains. Indeed, ATF6a is a potent transcription activator,
while ATF6B (a poor transcription activator) may inhibit the
activation of ATF6a.'*

The ER is a highly regulated system that modifies
abnormal proteins and prevents their secretion. Several
adverse conditions, such as hypoxia, accumulation of
reactive oxygen species, lack of ATP, nutritional de-
ficiencies, and mutations of specific proteins, may cause
misfolded proteins to accumulate in the ER. To keep cells
working normally and not harming other cells, ER stimu-
lates the unfolded protein response (UPR). The UPR main-
tains and restores ER homeostasis by inducing ER chaperone
proteins, thereby increasing the secretory function of the
ER." In the presence of excess unfolded proteins, Grp78,
which acts as a molecular chaperone, is removed from its
interaction with PERK, ATF6, and IRE-1. This allows ATF6,
PERK and IRE-1 to dimerize and become active.'*® Once
Grp78/Bip dissociates, ATF6 is transported to the Golgi
apparatus and activated by RIP (regulating intramembrane
proteolysis), including S1P (site-1 protease) and S2P (site-2
protease), to form an active transcription factor that can
be transferred to the nucleus. Active ATF6 induces the
expression of CHOP, chaperone, and ERAD (ER-associated
degradation) components. '

ATF6 as an oncogene

Resting cells are thought to be resistant to chemotherapy
by inhibiting proliferation. The HEp3 cell line, derived from
head and neck squamous carcinoma cells, upregulates all
three transmembrane proteins of the UPR: ATF6q, IRE-1a,
and PERK.'° Additionally, ATF6c can promote HEp3 cell
survival through the mTOR signalling pathway.”™' The
diagnosis of low-grade dysplasia (LGD) is essential in the
treatment of ulcerative colitis (UC), but it is often chal-
lenging to distinguish LGD from inflammatory epithelial
regeneration. In non-UC and UC-related CRC, ATF6 is
expressed in lesions undergoing atypical precancerous
changes and can be used to distinguish LGD and inflam-
matory regenerating epithelium in UC patients.'
Cancerous inhibitor of protein phosphatase 2A (CIP2A, also
known as p90 tumour-associated antigen or KIAA1524) is
overexpressed in cancer and is an emerging predictor of
prognosis for many cancers, including CRC.">>">* ER stress-
related ATF6 upregulates CIP2A and leads to poor prognosis
of colon cancer. Liu et al'>® found that ATF6 directly binds
to the CIP2A promoter and induces CIP2A gene expression,
contributing to the survival of colon cancer cells. Inhibitor
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of DNA binding 1 (ID1) induces chemoresistance of cancer
cells through autophagy mediated by STAT3/ATF6 in
ovarian cancer, suggesting that ATF6 may be a target for
combination with chemotherapeutics to improve the sur-
vival rate of ovarian cancer patients.'®

ATF6 as a tumour suppressor and its role in cancer
immunity

The unfolded protein response (UPR) works through its
downstream pathways, including PERK-elF2a signalling,
IRE1aXBP1 signalling and ATF6 signalling. One study showed
that the expression of the UPR effector proteins ATF6 and
XBP1 reduces the proliferation and stemness of colorectal
cancer cells by activating PERK signalling.”” In contrast,
other studies found that overexpressed XBP1 and ATF6 play
a role in promoting tumours in cells.*® "% |n the absence of
inflammation, ATF6 activation in the colonic epithelium
promotes intestinal dysbiosis and the innate immune
response, leading to microbiota-dependent tumour forma-
tion. Aberrant ATF6 expression is associated with reduced
disease-free survival in CRC patients."’

ATF7

ATF7, a member of the basic leucine zipper protein family,
is located on chromosome 12q13.13. ATF2 and ATF7 are two
highly homologous AP-1 transcription factors, especially

ATF-1 ATF-2 ATR-5

\ Jun
| et
mifotic  form heterodimers  GzmB & S
signaling way  with other proteins  TFN-y

combine with

| promoter

T lymphocytes Teells
secreting cytokines proliferation

— immune escape

combine with
cancer suppressor gene  oncogene promoter

,'//
A / o
@ ~ e /f"‘ ™ proteotoxity survival utophagy
- ///.«"' B . J
= @ g I B e
S R 8. N
% N

N

N

within their bZIP DNA-binding and dimerization domains.
ATF7 is phosphorylated by p38 at Thr51 and Thr53, leading
to its transcriptional activation.?°

The B cell-specific deletion of ATF2 and ATF7 in mice
resulted in a significant acceleration of the onset of Eu-
Myc-induced lymphoma. In addition, the loss of ATF2/7
makes Eu-Myc lymphoma cells insensitive to spontaneous
and stress-induced apoptosis.'*® The immunohistochemical
results of 72 postoperative CRC tissue specimens showed
that ATF7 expression was negatively correlated with path-
ological stage and positively correlated with 5-year overall
survival or 5-year progression-free survival.'”® miRNA-103a-
3p promotes the proliferation of human gastric cancer cells
by targeting and inhibiting ATF7 in vitro.'®°

Notably, ATF7 is upregulated in liver cancer tissues, indi-
cating that HBV may target miR-340—5p in vivo to promote
ATF7/HSPA1B (heat shock protein A member 1B)-mediated
proliferation and apoptosis and regulate the progression of
liver cancer.'®" There is no relevant research on ATF7 in
human tumour immunity. One study demonstrated that the
phosphorylation of the conserved ATF7 by PMK-1 p38 MAPK
regulates the innate immunity of Caenorhabditis elegans."®*

Challenge and prospective

Recently, ATFs have emerged in many popular fields due to
their extensive and robust functions in universal conditions.
To determine cell fate, each factor can transcriptionally
activate a target through its unique pathway and exhibit
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Figure 3

ATF-7

ATFs participate in carcinogenic processes, anti-carcinogenic processes, or mediate immune response through acti-

vating various signal-pathways and different mechanisms. ATF-1 accelerates tumor development via mitotic signalling pathway or
forming heterodimers with other proteins. ATF-2 and ATF-1 can inhibit T lymphocytes from secreting cytokines. ATF-2 and ATF-5
can combine with oncogene promoter or cancer suppressor gene promoter to develop or delay cancer progression. ATF-2 also can
aggravate tumor epithelial—mesenchymal transition. ATF-5 can arrest tumor cells at G,/M to disturb the cell cycle. ATF-3 enhances
vascular perfusion and proliferation of tumor cells and postpone cancer progression via the Akt signalling pathway. ATF-3 regulates
tumor immunity by forming heterodimers with PD-L1 or NF-kB. PERK-elF2-ATF4 results that ATF4 combine with the oncogene
promoter to disrupt the expression of PUM1. ATF-4 promotes ferroptosis, proteotoxicity, and survival autophagy of cancer cells to
let them adapt to the stress environment better. ATF-4 also can enhance tumor chemosensitivity, which can improve the survival
rate of patients. ATF-6 can regulate carcinoma progression through mTOR or PERK signalling pathway. ATF6 directly binds to the
CIP2A promoter, which prolonged the survival of colon cancer cells. Both ATF-6 and ATF-7 can regulate innate immunity. ATF-7 can

mediate the apoptosis and proliferation in some specific cancers.
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multiple mechanisms of action against other targets.'®> ATFs
are adaptive response genes that participate in cellular pro-
cesses to adapt to extracellular and/or intracellular changes
and transduce signals from various receptors to activate or
inhibit gene expression. Therefore, ATFs can be modulators of
tumourigenesis and host defence mechanisms. How ATFs
function in tumour development and immunity is shown in
Figure. 3.

Numerous articles have demonstrated that the ATF
family is a double-edged sword in tumours. ATFs usually
form homodimers or heterodimers with their own family
members or other transcription factor families to induce
their effects in tumours and immunity, '®* but they can also
target cancer-related genes directly to transmit their sig-
nals. Scientists have discovered the role of ATF in the
human immune system. Although research on tumour im-
munity is still incomplete, these findings provide a new
direction for tumour immunotherapy.

Understanding the mechanism of ATF in tumours provides
new targets for tumour treatment. For example, researchers
used an anti-ATF1 single-chain antibody fragment to inhibit
the tumourigenicity and metastasis of melanoma,?® an
example of how anti-ATF antibodies can repress tumour pro-
gression. However, ATFs seem to have opposite effects
different cancers. Therefore, the function of ATFs in different
tumours is an important issue that needs to be further studied.

Consistent with the abovementioned findings, ATFs exert
opposite effects on the expression of many cytokines in
different immune cells. The most notable is the emerging
role of ATF3 in immune escape, as targeting ATF3 may help
patients who are resistant to PD1 immunotherapy.

Given that ATFs are essential for host defence immunity
and cancer progression, a more detailed understanding of
how ATFs regulate immunity and oncogenic signalling
pathways may make ATFs attractive targets in the multi-
disciplinary treatment of cancer and immunotherapy.

Conclusion

Collectively, ATFs have a powerful transcriptional regulation
function, and they can regulate gene transcription directly or
mediate distant gene expression independently or by forming
homodimers or heterodimers. During tumourigenesis, cell
homeostasis is disrupted, thereby regulating the generation
of ATFs. Tumourigenic ATFs activate multiple signalling
pathways related to cell proliferation, EMT, apoptosis,
autophagy, ECM remodelling, angiogenesis, and immune
response, promoting cancer progression. However, ATFs can
also inhibit the progression of tumours via different signalling
pathways. Therefore, targeting ATFs may represent a new
strategy for cancer treatment.
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