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ARTICLE INFO ABSTRACT
Keywords: Activating transcription factor 6 (ATF6), an important signaling molecule in unfolded protein
Proteostasis response (UPR), plays a role in the pathogenesis of several diseases, including diseases such as

Endoplasmic reticulum stress (ERS)
Unfolded protein response (UPR)
Activating transcription factor 6 (ATF6)

congenital retinal disease, liver fibrosis and ankylosing spondylitis. After endoplasmic reticulum
stress (ERS), ATF6 is activated after separation from binding immunoglobulin protein (GRP78/
BiP) in the endoplasmic reticulum (ER) and transported to the Golgi apparatus to be hydrolyzed
by site 1 and site 2 proteases into ATF6 fragments, which localize to the nucleus and regulate the
transcription and expression of ERS-related genes. In these diseases, ERS leads to the activation of
UPR, which ultimately lead to the occurrence and development of diseases by regulating the
physiological state of cells through the ATF6 signaling pathway. Here, we discuss the evidence for
the pathogenic importance of ATF6 signaling in different diseases and discuss preclinical results.

1. Introduction

Throughout their life cycle, cells are subjected to a range of environmental stresses, such as hypoxia and pathogens, which can
cause cell damage and even death. Genetic or environmental damage can lead to dysregulation of intracellular calcium homeostasis,
oxidative stress, nutrient deficiencies, inhibition of glycosylation and protein misfolding, and disruption of endoplasmic reticulum
(ER) function, inducing ER stress (ERS). The cell development process stimulates the production of proteins and lipids, create an
environment conducive to ERS and unfold protein response (UPR) [1]. Three main branches of UPR are regulated by transmembrane
protein sensors on ERS, namely activating transcription factor 6 (ATF6), protein kinase R (PKR)-like kinase (PERK) and inositol
requiring enzyme 1(IRE1). Compared to other molecules of the UPR pathway, the importance of ATF6 in disease development has been
overlooked compared to other molecules in the UPR pathway. Especially in inflammatory and autoimmune diseases, reviews in this
area are missing. Therefore, this review summaries the role of ATF6 in disease onset and progression and adds the involvement of ERS
in disease mechanisms.

2. Proteostasis and proteotoxicity

In all eukaryotic cells, the proteostasis network (PN) maintains the integrity of the proteome, and protein homeostasis includes
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protein synthesis, folding, transport and degradation [2]. Imbalances between these components can lead to protein misfolding,
accumulation, and protein toxicity or protein disease [3]. Impaired PN has also been linked to a number of other pathological con-
ditions, including heart disease, diabetes, fatty liver and neurodegenerative diseases [4,5]. In addition, the imbalance of protein
homeostasis can also promote the process of aging, which is a mechanism of the aging process [6].

Protein misfolding and protein toxicity associated with disease and age have been found in many organs, and many researchers are
committed to protein homeostasis research in the hope of finding potential therapeutic targets to reduce the adverse effects of protein
toxicity on organ function. These studies show that structures exist in multiple parts of the cell to monitor newborn and mature
proteins, as well as to recognize and deal with end-misfolded proteins [7]. Proteins with misfolded ends may be degraded by the
ubiquitin proteasome system (UPS), which is located in a specific region of the cell [8]. It can also be degraded by autophagy in a
non-proteasome manner [9]. Organelle and subcellular autophagy forms can also degrade end-misfolded proteins, such as mitotic
phagocytosis and endoplasmic reticulum autophagy or reticular phagocytosis, all of which contribute to maintaining the integrity of
the proteostasis network [10].

3. Endoplasmic reticulum stress and unfold protein response

In recent years, ERS has attracted increasing interest and attention. ER is an essential subcellular unit that performs diverse
biochemical and metabolic operations. This tubular network facilitates lipid biosynthesis, calcium homeostasis, and biogenesis of
autophagosomes and peroxidase bodies [11]. Thus, maintaining homeostasis of ER proteins (protein homeostasis) is a dynamic,
intricate network [12]. Damage to any of these processes may lead to ERS and the accumulation of misfolded proteins in the endo-
plasmic network cavity or membrane [13]. For example, $-cells of the pancreas synthesize and transport so much insulin through the
ER/Golgi secretory pathway that they are continuously under ERS [14].

When ERS occurs, proteins fail to fold correctly in the ER lumen, and cells use the three signaling pathways of UPR to improve the
ability of proteins to fold correctly, inhibit the production and accumulation of proteins, accelerate the degradation of unfolded/
misfolded proteins, cause the transcription of ERS-related genes and enhance the self-repair ability of the ER. Chronic and persistent
ERS can activate the C/EBP homologous protein (CHOP) to initiate apoptosis [15].

Cells respond to ERS by activating and utilizing evolutionarily conserved UPR. When ERS is caused by changes in the ER envi-
ronment, unfolded/misfolded proteins activate the UPR. Three main branches of UPR are regulated by transmembrane protein sensors
on ERS, namely activating transcription factor 6 (ATF6), protein kinase R (PKR)-like kinase (PERK) and inositol requiring enzyme 1
(IRE1). IRE1 is a nuclease that splices X-box binding protein 1 (XBP1) mRNA to encode an active transcription factor called XBP1
splicing (XBP1s) [16]. PERK, a kinase that phosphorylates elF2a at the translation initiation factor Ser-51, causes translation arrest in
cells but allows continued translation of a selected subset of mRNAs encoding proteins required for the adaptive UPR [17]. ATF6 is a
transcription factor, and many of the genes induced by XBP1s, as well as other events downstream of PERK, are originally intended to
restore ER protein folding [18]. In the presence of the misfolded protein, ATF6 is displaced into the Golgi body and cleaved by the site 1
and site 2 proteases (S1p and S2p) to release the ATF6(N) transcription factor contained in its cytoplasmic tail. Together with XBP1s,
ATF6(N) increases target transcription, expands ER size, increases its protein-folding capacity, and promotes cell survival. Activated
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Fig. 1. ATF6 arm of unfolded protein response
(GRP78/BiP: binding immunoglobulin protein; ATF6: Activating transcription factor 6; SIP/S2P: site 1/site 2 proteases 2; ATF6f: ATF6 fragment).
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ATF6 transcription factor induces the transcription and expression of GRP78, GRP94 , CHOP and XBP1 (Fig. 1).

ATF6, IRE1 and PERK axis coordinate downstream components and play a role of cell protection in the initial stage. However, in the
presence of chronic and persist stress, apoptotic mechanisms prevail to eliminate stressed cells [19]. With the further study of UPR, ERS
response mediators are also involved in regulating other processes, such as cell differentiation and maturation. In addition, UPR
disorders are associated with a variety of pathological conditions, including neurodegeneration, and immune disorders [20].

4. ATF6 is an adaptive response factor to ERS
4.1. Molecular structure and mechanism of ATF6 activation during ERS

ATF6 is a type 2 ER transmembrane protein. The C-terminus of the ATF6 isoform protrudes into the endoplasmic network lumen,
while the N-terminus faces the cytosol [21]. The cytoplasmic portion of ATF6 includes the basic region/leucine zipper motif (bZIP
domain) DNA binding region and transactivation domain, followed by a 20-amino acid transmembrane region. Mammals express two
homologous ATF6 proteins, ATF6x (670 amino acids) and ATF6f (703 amino acids), however, the fragment at the N-terminal end of
ATF6a contains an 8-amino acid sequence, termed VN8, which has high transcriptional activity and rapid degradation (Fig. 2). ATF6a
is an effective transcriptional activator, which is responsible for regulating the expression of ERS response gene, and the physiological
activity of ATF6a is stronger than ATF6p [22]. The latter may inhibit ATF6a activation as an endogenous inhibitor of ATF6a and
fine-tune the intensity and duration of ATF6a signaling during ERS [23,24].

After dissociation of ERS induced ATF6a from binding immunoglobulin protein (GRP78/BiP), two Golgi localization sequences
(GLS1 and GLS2) were exposed in the ER domain of ATF6a, which were translocated to the Golgi apparatus and cleaved by two of these
enzymes [25]. S1p and S2p remove the lumen domain and transmembrane anchor, respectively, to mobilize a 50 kDa amino terminal
cytoplasmic fragment (ATF6f). The released ATF6f transcription factor enters the nucleus and binds to ERS response elements [26]
(Fig. 3). ATF6a induces the expression of chaperones and UPR mediators, including BiP and X-box binding protein 1 (XBP1), which
contribute to protein stabilization and increased output of IRE1 arm regulation, respectively. In addition, ATF6a plays a role in cell
protection and growth regulation [27].

In the absence of ERS, ATF6 remains in the ER in the form of disulfide bonded oligomers and binds to the ER chaperone protein
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Fig. 2. The molecular structure of activating transcription factor 6 (ATF6)
(S1P/S2P: site 1/site 2 proteases 2; VN8: 8-amino acid sequence).
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Fig. 3. ATF6 is activated in response to endoplasmic reticulum stress
(-S: sulfur ion; —-SH: sulfhydryl; -S-S-: disulfide bond).

GRP78/Bip, which helps to fix ATF6 in the ER and prevent its transport to the Golgi apparatus [28]. The transcription factor ATF6 is
activated after ERS. ATF6 promotes the adaptive UPR response and early ATF6 induces ER host proteins and folding proteins such as
chaperone [29]. Many studies have elucidated the activation mechanism of ATF6. In the absence of ERS, inactivated ATF6 is a 90kD ER
transmembrane protein. GRP78/Bip binds to the ER lumen domain of ATF6 and is anchored in the ER by ER retention sequence at the
C-terminal of GRP78 [30]. When ERS occurs, ATF6 senses the accumulation of misfolded proteins in ER through GRP78, and GRP78
dissociates from ATF6, thus releasing ATF6 and relocating it to Golgi apparatus [31]. In Golgi apparatus, ATF6 is decomposed by S1p
and S2p [32]. The 50kD N-terminal domain of the cytoplasmic side of ATF6 is released, allowing it to locate in the nucleus as a
transcription factor regulating the expression of stress response genes (e.g., Bip) [33].

At ERS, disulfide bonds in ATF6 are reduced, which promotes dissociation of ATF6 into reduced monomer. Protein disulfide
isomerases (PDIs), such as PDIAS, are associated with ERS-dependent reduction of ATF6 disulfide bonds [34], and PDI plays a key role
in ATF6 transport. In addition, other mechanisms are also involved in the activation of this UPR signaling pathway. For example,
GRP78/Bip dissociation from the ATF6 lumen domain or changes in ATF6 N junction glycosylation are associated with ERS-dependent
ATF6 activation and may be involved in the regulation of ATF6 activation during ERS [35].

ATF6 plays a central role in the composition of biological pathways that regulate different functions, including ER protein sta-
bilization, protein degradation, and cellular REDOX regulation [36,37]. ATF6 mainly plays a role in "adaptive UPR", which is designed
to promote protective, adaptive remodeling of cell physiology and recovery after acute physiological and pathological injury. As part

Table 1

The role of ATF6 in disease development.
Diseases mechanisms Reference
AS 1. Macrophages in joints express high levels of GRP78 and chondrocytes in the femoral head have high levels of [53,54]

GRP78 and ATF6, indicating elevated levels of ERS.
2. In chondrocytes, mRNA levels of FGF2 were reduced following ATF6 knockdown or inhibition
3. 3. Inhibition of angiogenic bone coupling by Ceapin-A7, an ATF6a-specific inhibitor, delays the pathological
progression of osteogenesis
SAP 1. One of the main pathogenic mechanisms of SAP is ERS [55,56]
2. Apoptosis mediated by the ATF6-P53-AIFM2 pathway regulates multi-organ damage in the SAP disease process
3. Silencing of the ATF6 gene, down-regulation of AIFM2 expression, reduced apoptosis and inflammation.
Liver fibrosis 1. ATF6 is involved in macrophage activation and also binds directly to the IL-6 and TNF-a promoters to promote [57-60]
macrophage secretion of IL-6 and TNF-a.
2. In the early stage of acute liver injury, silencing of ATF6 can reduce the secretion of various cytokines by
macrophages. It also inhibits the formation of hepatic fibrosis after acute liver injury
3. After acute liver injury, ATF6 stimulates macrophages to secrete a variety of pro-inflammatory factors, thereby
promoting the formation of hepatic fibrosis, and IL-1a is the main cytokine involved in this process.

CRC 1. ATF6 is recognised as a marker of early dysplasia in UC and non-UC associated CRCs [78.81]
2. ATF6 activity creates favorable conditions for bacterial-mediated tumorigenesis.

PSS 1. 1. GRP78-ATF6 signaling is over-activated in the lacrimal gland of PSS patients and is involved in apoptosis via [61,62,
activation of CHOP 63-65]

2. Inhibition of the GRP78-ATF6-CHOP pathway significantly improves symptoms in PSS mice
3. ERS-triggering IFN-« is highly expressed in the serum and salivary glands of patients with PSS.
4. p-arrestin 2 deletion significantly inhibited the GRP78-ATF6-CHOP apoptosis signaling pathway and reduced the
rate of IFN-a-induced apoptosis, thereby attenuating ERS response.
ACHM 1. Mutations in the ATF6a gene are associated with congenital retinal color blindness but are not involved in the [42-44]
pyranosome phototransduction pathway
2. ATF6 activating compounds (N-(2-hydroxy-5-methylphenyl)-3-phenylpropanamide activator [AA147]) may be
useful in correcting vision loss disorders caused by ATF6 mutations
Neurodegeneration 1. UPR (via ATF6) decreases as ALS progresses in older patients [66,671
disease 2. ERS was detected in postmortem brains of AD patients and in an animal model of AD, and ATF6 significantly
reduced AP1 levels in LN229 (brain neuroblastoma cell line) through the amyloid pathway, which includes APP,
ADAM17 and BACE1 proteins.

(AS: Ankylosing spondylitis; SAP: Severe acute pancreatitis; CRC: colorectal cancer; PSS: Primary Sjogren’s syndrome; ACHM: Achromatopsia; ALS:
Amyotrophic lateral sclerosis; AD: Alzheimer’s disease).
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of adaptive UPR, ATF6 integrates with multiple other stress response signaling pathways, enabling the cell physiology to adapt to
different types of ER injury.

4.2. ATF6 degrades rapidly upon activation

It has been found that the active form of ATF6 is rapidly degraded and it is difficult to find the active form of ATF6 by western
blotting unless proteasome inhibitors are used [38]. Therefore, the activity of ATF6 is transient [39]. The mapping of cell lines showed
that there were eight amino acid extensions in the N-terminal transcriptional activation region of ATF6, whose sequences were very
similar to those found in the rapidly degrading viral transcription factor VP16 [40]. In VP16, these 8 amino acid regions are responsible
for its strong transcriptional activity and rapid degradation. This area of ATF6 has the same function. Further studies have shown that
ATF6 degrades rapidly only when it is actively involved in transcriptional activation, and that any mutated form of ATF6 reduces its
transcriptional activity and increases its half-life. However, ATF6, which is activated in response to ERS, has no VN8 region, and its
transcription factor activity is very low and degradation is slow. Since ATF6a can form a dimer with ATF6p, the stability of ATF6a is
increased [41]. Transcription factor activity and dimer stability were found to decrease in a coordinated manner in the following order:
ATF6a- ATF6a > ATF6a - ATF6p > ATF63- ATF6p [42].

5. The role of ATF6 signaling molecules in tissue homeostasis and disease

Recently, there is increasing evidence that ATF6 plays a role in specific cellular and tissue environments, and that abnormalities in
ATF®6 signaling may contribute to the development of a variety of diseases [42-52]. Below, we provide detailed information about the
important role of ATF6 in inflammatory, autoimmune and cancer diseases (Table 1).

5.1. Ankylosing spondylitis

Ankylosing spondylitis (AS) is a rheumatic disease characterized by chronic and repeated inflammation, which mainly affects the
axial bones and joints. Nearly 40% of patients developed functional malformations, including joint malformations and spinal stiffness
[68,69]. Macrophages in peripheral joints of patients with AS were found to express high levels of GRP78 and elevated levels of GRP78
and ATF6 in chondrocytes of the femoral head, which may be induced by widespread inflammation [53,54]. Many studies have
focused on the mechanisms by which ERS regulates angiogenic activity, and the expression of the key angiogenic factor VEGF is
regulated by XBP-1, ATF4 and ATF6 [70]. Fibroblast growth factor 2 (FGF2) is a widely studied peptide that plays a role in angio-
genesis, tissue regeneration, and neuroprotection [71]. FGF2 may play an important role in pathological osteogenesis by promoting
vascular growth. FGF2 mRNA levels in chondrocytes were decreased after ATF6 knockdown or inhibition. In addition, the ATF6a--
specific inhibitor Ceapin-A7 was found to slow down the pathological progression of osteogenesis by inhibiting angiogenic bone
coupling [54]. These results suggest that ATF6-mediated FGF2 transcription is an important pathway for the regulation of angiogenic
activity in ERS. Taken together, we conclude that ATF6 is a key positive regulator of angiogenic-osteogenic coupling in AS, and that
targeted inhibition of ATF6 in chondrocytes may be a promising therapeutic tool for the treatment of AS.

5.2. Acute pancreatitis

Severe acute pancreatitis (SAP) is often characterized by persistent single or multiple organ failure (MOF) and/or local pancreatic
complications. The main pathogenesis is premature activation of trypsinogen, ERS and apoptosis [72]. Apoptosis-inducing factor
mitochondria-associated 2 (AIFM2), also known as apoptosis-inducing factor-like mitochondrion-associated inducer of death (AMID)
or PRG3, located in the outer membrane of mitochondria or freely distributed in the cytoplasm [55,73], it is an important downstream
regulator of ATF6, located on human chromosome 10 [74,75], and apoptosis induced by AMID is regulated by P53 [76]. When ATF6 is
activated, AIFM2 protein expression is up-regulated and the activity of ERS-induced apoptosis signaling pathway is enhanced. The
ATF6-P53-AIFM2 pathway is a key factor in endoplasmic reticulum-induced apoptosis during SAP development. In contrast, when
ATF6 is silenced, AIFM2 expression is down-regulated, which is accompanied by decreased apoptosis and inflammation. In addition,
ATF6 promotes the transcription of P53 and AIFM2, thereby inducing the apoptosis of SAP acinar cells. These results suggest for the
first time that AIFM2 regulates SAP multiorgan damage through ATF6/P53-mediated apoptosis [56]. ATF6 also promotes inflam-
mation during the progression of chronic pancreatitis (CP) and plays an important role in trypsin-induced acinar ERS and apoptosis. In
CP, P53, as the main regulator of apoptosis, can mediates ATF6-induced apoptosis of acinar cells. In the pathogenesis of CP, in addition
to the increased mRNA and protein expression levels of ATF6, XBP1 and CHOP, the apoptosis rate of acinar cells is also significantly
increased, along with the upregulation of P53. Inhibition of ATF6 or P53 can reduce the expression of inflammatory cytokines in mouse
models [77]. These results suggest that the expression of P53 is regulated by the ATF6/XBP1/CHOP axis. These findings provide new
insights into ATF6-triggered signaling as a promising targeted therapy for pancreatitis.

5.3. Liver fibrosis
Macrophages promote the occurrence and repair of acute liver injury by secreting a series of cytokines [78,79]. Previous studies

have shown that depletion of macrophages can alleviate acute liver injury, but also delay the repair of acute liver injury [80,81].
Hepatic fibrosis is the early manifestation of liver injury repair. Studies have shown that when macrophages are depleted, liver fibrosis
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is weakened and liver tissue inflammation cannot be timely recovered [82,83]. ERS signals are involved in the activation of macro-
phages in the early stage of hepatic ischemia-reperfusion injury. ATF6 not only participates in the activation of macrophages, but also
directly binds to IL-6 and TNF-o promoters to promote the secretion of IL-6 and TNF-a by macrophages. Silencing of ATF6 may
Silencing ATF6 can reduce the secretion of various cytokines by macrophages [57-59]. It also inhibits the formation of hepatic fibrosis
after acute liver injury [60]. After the occurrence of acute liver injury, ATF6 stimulates macrophages to secrete a variety of
pro-inflammatory factors, thus promoting the formation of liver fibrosis, and IL-1a is the main cytokine involved in this process.
Some studies have found that depletion of macrophages attenuates acute liver injury, but at the same time makes it difficult for
inflammation to dissipate in the liver tissue after acute liver injury, ultimately leading to exacerbation of liver injury [84].

5.4. Colorectal cancer

ERS and UPR activation is associated with clinically relevant enteritis. ATF6 is recently considered as a marker for early dysplasia of
both ulcerative colitis (UC) and non-UC-associated colorectal cancer (CRC) [85]. Analysis of CRC patients in the Cancer Genome Atlas
dataset identified ATF6 mutations as the only clinically relevant UPR signaling protein. About 11% of CRC patients overexpress ATF6,
i.e., ATF6 is a novel and clinically relevant tumor risk gene, and ATF6 activation may be a risk factor for oncogenic transformation in
these patients. UPR in the ATF6-activated epithelium requires the presence of gut microbes in order to form tumors. Microbial dys-
regulation is positively correlated with the pathogenesis of colon cancer [86,87]. Second, sustained ATF6 signaling and downstream
gene targets promote a clinically relevant and most likely cellular autonomy state that triggers microbial dysregulation and
TRIF-mediated STAT3 signaling, leading to focal dysplasia of the colonic epithelium [88]. After antibiotic treatment, STAT3 phos-
phorylation was completely eliminated and tumor development was inhibited, indicating that ATF6 activity created favorable con-
ditions for bacteria-mediated tumorigenesis. Therefore, ATF6 continuously stimulates intestinal activation in the colon to promote
dysregulation and microbial-dependent tumorigenesis.

5.5. Primary Sjogren’s syndrome

Primary Sjogren’s syndrome (PSS) is a chronic autoimmune disease characterised by lymphocyte infiltration of exocrine glands,
leading to dryness of the eyes and mouth, belonging to epithelial inflammatory diseases [89,90]. The epithelial cells of the sub-
mandibular gland, as the main epithelial cells of the secretory glands, have a relatively strong endoplasmic reticulum system and are
susceptible to endoplasmic reticulum stress caused by external factors, such as IFN-a or viruses [91]. Subsequently, the IRE1a, PERK
and ATF6 signaling pathways are activated to restore endoplasmic reticulum homeostasis, and a chronic, persistent stress response can
lead to apoptosis [92], which may be related to the pathological mechanisms of PSS. It was found that GRP78-ATF6 signaling was
over-activated in the labial glands of pSS patients and was involved in apoptosis through activation of CHOP [61], and inhibition of this
signaling pathway significantly ameliorated the symptoms in Sjogren’s syndrome mice [62]. In addition, IFN-a, which triggers ERS, is
highly expressed in the serum and salivary glands of PSS patients [93]. p-arrestin 2 is a key protein that mediates the desensitization
and internalization of G protein coupled receptors (GPCRs), which are involved in inflammatory and immune responses and mediate
apoptosis in autoimmune diseases. -arrestin2 deletion significantly inhibited the GRP78-ATF6-CHOP apoptosis signaling pathway
and reduced IFN-a-induced apoptosis rate, thereby alleviating the ERS response. Therefore, when f-arrestin2 was inhibited, the
activation of cell signaling pathways was weakened, while the loss of p-arrestin2 inhibited the activation of downstream signaling
pathways of GRP78, reducing the generation of apoptosis, thereby increasing salivary secretion, reducing lymphocyte infiltration, and
the histopathological score of salivary glands [63-65]. In conclusion, IFN-a-induced ERS apoptotic signaling pathway, namely
GRP78-ATF6-CHOP, is involved in the pathogenesis of PSS, and inhibition of GRP78-ATF6-CHOP apoptotic signaling can reduce ERS
and apoptosis. Loss of p-arrestin2 alleviates inflammatory induced epithelial apoptosis and improves symptoms through the
GRP78ATF6-CHOP apoptotic signaling pathway, which is dependent on the interaction of p-arrestin2 with GRP78.

5.6. Achromatopsia

Achromatopsia (ACHM) is an autosomal recessive genetic disease caused by selective dysfunction of cone photoreceptor cells. It
mainly has cone dysfunction and is manifested as vision loss, photophobia, nystagmus and poor color vision in infancy. Recent studies
have found that mutations in the ATF6a gene is associated with congenital retinal color blindness. Unlike other ACHM genes, it does
not participate in the pyramic light transduction pathway [41]. To date, 11 different mutation types of ATF6 disease alleles have been
identified in ACHM patients, including missense, nonsense and insertion mutations or splice point changes and single nucleotide
mutations [42,44]. These mutations result in loss of ATF6 function by disrupting the DNA-binding domain of the ATF6 amino-terminal
transcription activator/bZIP or by disrupting the carboxy-terminal ER-to-Golgi protein transport domain. In situ immunohybridisation
showed that ATF6 is widely expressed not only in the cones but also in all | retinal layers [94]. ATF6 mutations lacking both exons
completely lose transcriptional activation. These findings further emphasize that all ACHM-associated ATF6 mutations identified to
date impair transcriptional activity. In vitro studies have shown that ERS induces ATF6 expression in retinal cells such as retinal
ganglion cells [95]. ATF6 plays an important role in regulating ERS in all retinal neurons. ATF6 mutations associated with retinal
developmental diseases are due to the loss of ATF6 transcriptional activity, which in turn is caused by defects in different steps of ATF6
activation [47]. Based on these findings, ATF6-activating compounds may help correct vision loss disorders in patients due to ATF6
mutations. Especially in patients with functional loss due to the ER resident protein ATF6, ATF6(N-(2-hydrox-
y-5-methylphenyl)-3-phenylpropanamide activator [AA147]) may contribute to the restoration of activity by promoting ATF6
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transport to the Golgi apparatus [43].
5.7. Neurodegeneration disease

Amyotrophic lateral sclerosis (ALS) is a chronic, progressive degenerative disease involving upper and lower motor neurons and
their innervated trunk, limbs, and head and facial muscles [66]. ALS patients have immunophenotypic changes in peripheral blood
mononuclear cells (PBMCs), decreased mtDNA gene expression, decreased nitrative stress and calcium. expression, decreased mtDNA
gene expression, increased nitrative stress and calcium. Recent studies have shown that ERS is involved in the pathogenesis of ALS.
Prell et al. demonstrated that the UPR pathway of ATF6 is activated in PBMC. There was no correlation between the expression level of
active ATF6 and disease progression. However, the UPR (via ATF6) is reduced as ALS progresses in older patients [67].

Another neurodegenerative disease, Alzheimer’s disease (AD), which is characterised by the accumulation of f-amyloid (Af)
plaques, the breakdown of Ap into a-secretase and b-secretase enzymes by a-secretase and b-secretase enzymes, and the elevated
expression of APP leading to amyloid toxicity. plays a key role in the pathogenesis of AD. ERS was detected in postmortem brains of AD
patients and animal models of AD [96], and ATF6 significantly reduced Ap1 levels in LN229 (brain neuroblastoma cell line) through
the amyloid pathway, which consists of APP, ADAM17 and BACE1 proteins. Our findings clearly demonstrate that ATF6 expression is
reduced in APP/PS1 mice and that ATF6 can inhibit Ab levels by downregulating BACE1 promoter activity. In addition, ATF6 has a
protective effect on spatial memory retention in AD model mice [97].

5.8. Other diseases

ATF6 is a challenging target protein that can be used as a small molecule binding site for pharmacological targets. As an inhibitor of
ERS, 4-phenylbutyric acid (4-PBA) can restore endoplasmic reticulum function and promote protein synthesis [98]. Previous studies
have shown that 4-PBA can significantly inhibit GRP78-ATF6-CHOP apoptosis signaling pathway. 4-PBA inhibits
lipopolysaccharids-induced GRP78 and CHOP expression in human umbilical vein endothelial cells [99]. In hypothalamic diseases, the
GRP78-ATF6-CHOP apoptotic signaling pathway was significantly down-regulated after administration of 4-PBA [100].

6. Conclusion

Protein homeostasis is a prerequisite for maintaining normal physiological activities of cells, and about 40% of proteins are syn-
thesized in the endoplasmic reticulum. When cells are subjected to genetic or environmental changes, such as hypoxia, pathogens, etc.,
the function of the ER will be damaged and cause ERS. A large number of unfolded/misfolded proteins accumulate in the ER, inducing
the unfolded protein response, improving the correct folding ability of proteins through three signaling pathways, accelerating the
degradation of unfolded/misfolded proteins, and enhancing the self-repair ability of the ER. ATF6 is an adaptive response factor to
ERS. ATF6 is activated after ERS, separated from GRP78 and localized in the Golgi apparatus. ATF6 is decomposed by S1P and S2P
proteases in the Golgi apparatus into a 50kD N-terminal domain, which is transported to the nucleus as a transcription factor to
regulate the expression of stress response genes. The active form of ATF6 is then rapidly degraded. ATF6 has been implicated in the
pathogenesis of many human diseases, but there are still discrepancies between some of the theories, and targeting ATF6 molecules to
treat diseases is still unfulfilled and must be explored through further research.
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