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Abstract

Activator protein 1 (AP-1) is a family of transcription factors composed of Jun, Fos, activating transcription factor
(ATF), and musculoaponeurotic fibrosarcoma (MAF) homodimers and heterodimers that regulate diverse cellular
processes such as proliferation, apoptosis, differentiation, survival, and migration. Accordingly, AP-1 plays an
essential role in several diseases including cancer. During liver cancer development, AP-1 abnormal activation has
been implicated from cancer initiation to cancer progression. This review aims to provide a current integrative
understanding of the role of AP-1in liver carcinogenesis and suggests potential settings for its clinical use in
diagnosis and treatment. Novel AP-1-based therapeutic approaches deserve further investigation and clinical
application for the benefit of liver cancer patients.
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INTRODUCTION

Activator protein 1 (AP-1) is a widely distributed transcription factor found in various cell types, playing an
essential role in the regulation of gene transcription. Structurally, AP-1 is composed of homodimers and
heterodimers that originate from protein families including Jun (comprising c-Jun, JunB, and JunD), Fos
(encompassing c-Fos, FosB, Fral, and Fra2), activating transcription factor (ATF) (including ATF2-7,
ATF3/LRF1, B-ATF1-3, JDP1 and 2), and musculoaponeurotic fibrosarcoma (MAF) (involving c-MAF,
MAFA, MAFB, and MAFF, MAFG, MAFK). These subunits contain highly conserved dimeric basic leucine
zipper (bZIP) DNA-binding domains, allowing them to form various dimer combinations"’. In particular,
the Fos/Jun heterodimer represents the most prevalent form of AP-1, while the Jun/Jun homodimer
displays lower affinity among them and is less abundant®.

Furthermore, AP-1 has a pivotal role in orchestrating cellular responses to acute challenges; for instance, it
is involved in oxidative stress and DNA damage response. Beyond its essential role in immune-related
disorders, AP-1 also demonstrates a multifaceted capacity to govern major cellular processes that promote
cancer, namely, proliferation, apoptosis, differentiation, survival, and migration, among others".

Of particular significance, the oncoproteins c-Jun and c-Fos have been subjected to comprehensive
characterization for their major contributions to virus-induced tumorigenesis, especially in the initiation

and progression of tumors™**.

It is noteworthy to mention that some proteins involved in cancer-associated processes may have opposite
roles depending on the cellular context/environment, such as proteins involved in apoptosis. In fact, AP-1
has also been reported to possess antitumor activity, as JunB and JunD have been identified as tumor
suppressors as they can repress cyclin D1 (CycD1) and are negative regulators of cell growth'*”. Whether
AP-1 is oncogenic or anti-oncogenic depends on the cell type, tumor development stage, and genetic
context”. This very important topic related to the opposite roles of proteins involved in cancer-associated
processes, as well as other very important issues regarding the role of AP-1 in a variety of normal and
pathological conditions other than hepatocellular carcinoma (HCC), undoubtedly deserves special extensive
review.

The AP-1 family contributes to the development of many types of cancer, particularly in liver cancer; c-Jun
activity enhances tumor development during the early stages, and its inactivation drastically reduces the
number and size of liver tumors in mice®. However, its involvement in precancerous stages has yet to be
tully explored. This review aims to provide a current integrative understanding of the role of AP-1 in the
development and progression of liver cancer, specifically HCC. The diverse and potential molecular
mechanisms by which AP-1 may enhance progression to cancer from precancer stages, as well as its
participation in several hallmarks of cancer, emphasize its potential clinical use in the diagnosis and
treatment of HCC.

AP-1 ACTIVATION AND EXPRESSION DURING CHRONIC LIVER DISEASE

The role of AP-1 during earlier stages of tumor establishment has attracted considerable attention. In
clinical investigations, AP-1 has been consistently reported to be overexpressed in liver tissue at various
stages before the development of HCC. For instance, analysis of liver biopsies obtained from patients
previously diagnosed with metabolic dysfunction-associated steatotic liver disease (MASLD) and metabolic
dysfunction-associated steatohepatitis (MASH) reported increased expression of hepatic AP-1/c-Jun®.
Another study informed a marked increase in AP-1 binding to liver DNA in obese patients diagnosed with
MASH, compared to control subjects; this heightened AP-1 activity may be a consequence of elevated
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oxidative stress resulting from the metabolic dysregulation characteristic of obesity"”.

Eferl et al. found that c-Jun inhibits apoptosis through antagonism of the tumor suppressor activity of p53,
which interestingly only occurred during the early stages of cancer development in animal models®. This
finding was further supported by Min et al., who found increased expression of c-Jun and surviving, and
decreased levels of c-Fos and SIRT6 in human dysplastic liver nodules but not in well-established malignant
liver tumors. Using a diethylnitrosamine (DEN)-induced liver cancer model in mice, the authors suggested
that AP-1 may regulate cell survival during cancer initiation through the modulation of survivin activity and
may also function in parallel with nuclear factor kappa B (NF-«B) signaling"'. Survivin is an important anti-
apoptotic protein whose expression is regulated by SIRTS, so it makes sense that c-Jun-mediated inhibition
of SIRT6 generates cancer-promoting activities'?.

Dorn et al. suggest that c-Jun facilitates the development and progression of MASH. Their observations
indicated that c-Jun is not only overexpressed, but also activated in the livers of mice subjected to a MASH-
inducing diet. Furthermore, they found elevated c-Jun in liver tissues of MASLD patients, with this
increased expression correlating with inflammation and the extent of hepatic steatosis"*. Additionally, it is
known that under hypoxic conditions in liver tissue, the DNA binding activities of hypoxia-inducible factor
1 alpha (HIF-1a), NF-«B, and AP-1 are significantly increased, potentially contributing to liver damage and
the development of chronic inflammation"*.

The tumor microenvironment plays a relevant role in the pathogenesis of chronic liver disease [Figure 1].
Schulien et al. studied the participation of c¢-Jun during MASH in c-Jun knockout mice fed with a
methionine- and choline-deficient diet (MCD). Their findings revealed that c-Jun exhibits cell type-
dependent activities; in hepatocytes, it promotes cell survival and restricts fibrogenesis, while in non-
parenchymal liver cells (NPLC), it promotes fibrogenesis through the expression of the fibrogenic gene Opn
and its receptor CD44".. Since Opn is a well-identified target gene of AP-1"", this transcription factor, as

16,17]

well as Hedgehog signaling, may be involved in liver damage during progression to MASH!

A mouse model with constitutive overexpression of Fra-1 was studied by Kireva et al., and they found that
these animals developed liver fibrosis. They also found upregulation of genes involved with collagen
production, profibrogenic and fibrolytic genes, including strong induction of procollagen a1 (I), a2 (I), and
al mRNA expression, as well as induction of the profibrogenic cytokine transforming growth factor-p1
(TGF-p1)""Y. Moreover, Hasenfuss et al. reported similar findings in Fra-1 knockout and in Fra-1
hepatocyte-specific and general overexpressing mice models. Further, they reported that Fra-1 induced the
Opn gene and inhibited the anti-fibrotic gene, cxclo™. According to these observations, hepatocyte-specific
Fra-1 expression is insufficient to trigger the disease, suggesting that the involvement of NPLCs is also
essential for developing and progressing liver fibrosis. The same authors later found that Fra-1/2 can also
prevent and reverse MASLD progression through the dimer it establishes with AP-1 components. The
Peroxisome proliferator-activated receptor y (PPAR-y) is a relevant component in the pathogenesis of
MASLD™}; in fact, its gene, Ppargz, is directly modulated by AP-1, but interestingly, only c-Fos/c-Jun
dimers activate it, while Fra/c-Jun dimers repress it*'.. According to Hasenfuss et al., Fra/c-Jun may interact
with AP-1 co-repressors such as Sirt1 and histone deacetylase 3 to inhibit Pparg2 promoter activity™".
However, the precise context in which different Fos-related components either inhibit or promote the
progression of chronic liver disease remains to be explored.

AP-1 activity is closely related to the c-Jun NH2-terminal kinases (JNKs), components of the msitogen-
activated protein kinase (MAPK) signaling pathway that activate AP-1 through c-Jun phosphorylation. The
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Figure 1. AP-1in chronic liver disease. The AP-1 transcription factor has been described to play a critical role in the pathogenesis and
progression of various liver diseases, including precancerous diseases and HCC. This scheme illustrates the different mechanisms
modulated by abnormal AP-1 activity, which enhance a context of chronic liver damage, such as MASLD and cirrhosis, preceding the
development of HCC. AP-1is involved in both the damaged hepatocyte and non-parenchymal liver cells through the regulation of gene
expression, leading to disease progression. Furthermore, AP-1 promotes the activity mediated by HBV and HCV to eventually favor
hepatic pathogenesis. Figure created in Biorender.com. MASLD: Metabolic dysfunction-associated steatotic liver disease; MASH:
metabolic dysfunction-associated steatohepatitis; PLC: parenchymal liver cells; NPLC: non-parenchymal liver cells; AP-1: activator
protein 1, HCC: hepatocellular carcinoma; HBV: hepatitis B viruses; HCV: hepatitis C viruses; HSCs: hepatic stellate cells; JNK: c-Jun
NH2-terminal kinase; TGF-B1: transforming growth factor-p1; IKK: [xB kinase; ER: endoplasmic reticulum; NF-kB: nuclear factor kappa B;
MMPs: matrix metallopeptidases; COX-2: cyclooxygenase 2; TIMP1: tissue inhibitor of metalloprotease-1; ROS: reactive oxygen species.

involvement of JNKs in tumor development has been extensively studied and they are also implicated in the
development of obesity, insulin resistance, MASLD, and MASH". Schattenberg et al. found that JNK1,
c-Jun, and AP-1 are overactive in parallel to the development of steatohepatitis in MCD-fed mice'™. There
is evidence of a positive feedback process between phosphorylated c-Jun and JNK1 signaling, which
promotes AP-1 overactivity and contributes to MASH progression”. Indeed, Videla et al. reported a
marked increase in DNA binding of AP-1 and hepatic NF-«B in obese patients with MASH".

Active JNK and c-Jun are critical effectors in Ras-induced malignant cell transformation and
tumorigenesis” **. Ras is a well-studied oncogene involved in developing HCC, associated with poor
prognosis of patients diagnosed with this cancer”. Additionally, JNKs play a role in regulating liver damage
through mechanisms such as lipid accumulation, insulin resistance, and fibrosis development via activation
of hepatic stellate cells (HSCs). They are also implicated in the development of steatohepatitis®**’.
Singh et al. demonstrated that JNK1-deficient mice fed with a high-fat diet did not experience excessive
weight gain, insulin resistance, MASLD, or MASH. Furthermore, in mice with established steatohepatitis,
knockdown of JNK1 reduced the severity of steatohepatitis and restored insulin sensitivity. Conversely,
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knockdown of JNK2 improved insulin sensitivity but had no impact on hepatic steatosis. Moreover, it is
significantly increased liver injury®.

In addition, under conditions of hepatic ferroptosis, fibrogenesis is promoted through the activation of
HSCs by a mechanism dependent on AP-1 activation™. In HSCs, tissue inhibitor of metalloprotease-1
(TIMP1) is a critical component that regulates extracellular matrix (ECM) synthesis and degradation, and
its overexpression has been linked to liver disease progression®". Xu et al. demonstrated that AP-1 mediates
TIMP1 expression in HSCs and that IL-32 expression is increased in liver tissues with fibrosis and may
activate AP-10.

Endoplasmic reticulum stress (ER stress) has been extensively studied, revealing that its persistence in the
liver under abnormal conditions can induce inflammatory responses and cell death. It stands as a critical
factor in the development and progression of chronic liver disease**. Chronic ER stress-triggered
inflammatory processes are mediated through IRE1a, which activates NF-xB and AP-1 signaling via IxB
kinase (IKK) and JNK1, respectively”. In fact, Olivares et al. discovered that ER stress activates the hepatic
AP-1 complex through MAPK-dependent signaling pathways" . Thus, this context would provide another
molecular mechanism by which AP-1 contributes to the progression of chronic liver disease. Additionally,
elevated levels of hyperuricemia (HUA) are frequently detected both in MASLD and through the
progression of the disease.

Hepatitis, a condition characterized by liver inflammation, can manifest due to multiple etiologies, with
viral infections being preeminent and part of the risk factors for chronic liver disease. AP-1 activity has been
implicated in viral infections and linked to liver disease progression””, as discussed below.

The interplay between hepatitis viruses and AP-1

Several molecular mechanisms have linked hepatitis B and C viruses (HBV and HCV, respectively) to AP-1
activation [Figure 1]. Kato et al. demonstrated that among several HBV- and HCV-proteins, the HCV core
had the strongest influence on activating AP-1 in liver-derived cell lines"". This observation was consistent
with later findings by Trierweiler et al., who showed that c-Jun expression was strongly induced during liver
carcinogenesis in transgenic mice expressing all HBV envelope proteins (HBV+), suggesting that c-Jun may
promote cell proliferation and tumor progression. In addition, they also observed that c-Jun regulates
hepatic expression of Opn, which correlates with histological tumor grading, tumor stage and early
recurrence after surgical resection, particularly in HBV-infected patients™. Tsutsumi et al. found that AP-1
is one of the main proteins activated in constitutively expressing HCV core protein transgenic mice,
proposing that its activity may be part of a mechanism favoring HCV-induced hepatocarcinogenesis'*’.
Actually, in an established mouse model of HBV-related HCC, c-Jun expression was found to be specifically
induced at various times during carcinogenesis. The HBV(+) mice lacking c-Jun displayed fewer
premalignant tumors and modified some other cancer-promoting events, suggesting that c-Jun has
important roles during HBV-associated tumorigenesis”®. Furthermore, Ren et al. found that Sirt1, a class III
histone deacetylase, enhanced HBV activity by targeting the AP-1 transcription factor'*. Another study
described that this event may occur through the interaction of HBV X protein (HBx) and Jab1 (Jun
activation domain-binding protein 1), also through the interaction of HBx with SMYD3"/, and by
upregulation of MEKK?2 signaling'*?. It has even been reported that during HBV-induced ER stress, AP-1
activity is promoted through the activation of CREBH (cAMP-responsive element-binding protein H), a
transcription factor inducing specific genes involved in lipid and glucose metabolism"**". Likewise, another
study showed that AP-1 increases the transcription of MANF, an ER stress-inducible protein involved in
inflammatory diseases. Interestingly, MANTF is strongly expressed in liver tissues of HBV patients compared



Page 6 of 19 Villarruel-Melquiades et al. Hepatoma Res 2024;10:51 | https://dx.doi.org/10.20517/2394-5079.2024.95

to normal liver tissues, which has been confirmed in animal models™”.

The reactive oxygen species (ROS)/JNK pathway contributes to the development of different liver diseases,
as well as the formation of malignant tumors. However, since JNK has different downstream targets, it is
possible that it modulates the activity of components such as JunB, as suggested by Deng et al."". Findings
from this group showed that ROS/JNK/JunB signaling leads to inhibition of HCV replication®, providing a
relevant mechanism involved in the development of HCC by HCV infection; thus, JunB phosphorylation
targeting could be an interesting pharmacological strategy to treat this condition.

Unfortunately, when chronic liver injury is not treated on time, the risk of developing liver cancer is high.
In this sense, AP-1 activity plays a significant role and is involved in several hallmarks of cancer, even
during the later stages of tumor establishment.

Aberrant AP-1 activity plays a key role in liver damage processes, such as metabolic diseases and hepatitis B
and C virus infections, the main risk factors in the development of HCC, prior to tumor establishment.
AP-1 is able to orchestrate cellular processes that lead to liver damage and chronic inflammation through its
effect not only on hepatocytes, but also on cells that compose the tumor microenvironment. Moreover,
because AP-1 is overexpressed in liver tissue during the early stages of cancer, it is feasible to suggest it as an
early biomarker whose impact should be further explored.

AP-1 AND CANCER HALLMARKS IN HCC

According to Hanahan and Weinberg, the development of a malignant tumor requires that human cells
exhibit certain acquired biological features (Hallmarks of Cancer) that are indispensable in the
transformation from their “healthy” to their “malignant” state®>'. Initially, they proposed six key
capabilities during tumor development; however, the list of hallmarks has been updated and novel features
are emerging™. AP-1 transcriptional activity has been implicated in several processes during liver
carcinogenesis [Table 1 and Figure 2], and is closely associated with some hallmarks of cancer as discussed
below.

Sustaining proliferative signaling and evading growth suppressors

AP-1 has been described as a cellular life-and-death decision-maker®?. In normal conditions, c-Jun/AP-1
participates in liver regeneration by regulating hepatocyte proliferation via a p53/p21-dependent
mechanism®. However, deregulation of AP-1 activity contributes to tumor growth by significantly
increasing cell proliferation.

Eferl et al. investigated the participation of the AP-1 protein in liver carcinogenesis. Their work provided
compelling evidence that c-Jun serves as a pivotal factor driving the growth of liver tumors in murine
models, primarily through the inhibition of p53. Notably, their observations led them to an intriguing
conclusion: the involvement of c-Jun appears to be confined to the initial phases of liver cancer
development'®.

Explaining the function of AP-1 as a promoter of carcinogenesis has been a topic of interest for several
years, and diverse molecular mechanisms have been proposed. For example, the yes-associated protein
(YAP) and WW-domain-containing transcription regulator 1 (WWTR1; also known as and hereafter
referred to as TAZ) are transcriptional coactivators that regulate cell growth and organ size, but their
hyperactivation enhances tumorigenesis and hypertrophy; YAP/TAZ signaling has been characterized in
different human cancers, including HCC"***', YAP/TAZ cooperates with AP-1 to promote cell proliferation,
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Table 1. Processes and pathways regulated by AP-1, promoting HCC development

Hallmark of cancer Target involved in HCC Ref.

Sustaining proliferative signaling and evading growth suppressors ~ p53, p21, p38, Nogo-B, cyclin D, Myc [5,8,54-57,58-61,68,72]
Resisting cell death and apoptosis Bcl-2, Bel-XL [73,74]
Tumor-promoting inflammation MMPs, COX-2, IFN- [6,76-78]

Avoiding immune destruction TITRs, PD-1, PD-L1 [80,82-86]

Activating invasion and metastasis MMPs, KITENIN, KRT19, miR-21, BORIS, ASIC1  [88-93,94-102]
Inducing or accessing vasculature VEGF, Nogo-B, HLJ1 [68,103,105-109]
Senescence BMAL, FOXF1 [112,113]

AP-1: Activator protein 1, HCC: hepatocellular carcinoma; PD-1: programmed cell death protein 1; PD-L1: programmed cell death protein-ligand 1;
MMPs: matrix metallopeptidases; VEGF: vascular endothelial growth factor; COX-2: cyclooxygenase 2.
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matrix metallopeptidases; VEGF: vascular endothelial growth factor.

but its deregulation promotes tumor growth®. Koo et al. inhibited AP-1 activity in human cancer cell lines
and observed that YAP-induced cell growth was suppressed, and the hepatomegaly induced by YAP
overexpression in mice was also blocked"”.
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AP-1 contains binding sites to the promoter of the CycD1 gene, thereby regulating the expression of this
cell cycle regulatory protein®. CycD1 is an important modulator of cell proliferation and is involved in
tissue restoration in the liver after partial hepatectomy™. Nevertheless, under disease conditions, CycD1
activity is exacerbated and uncontrolled; thus, it is considered an oncogene in HCC'*”. Actually, CycD1
overexpression is associated with poor prognosis in patients diagnosed with this cancer!".

Interestingly, the epidermal growth factor (EGF) can induce the expression of AKR1B10 (aldo-keto
reductase 1B10)"”, an overexpressed enzyme in liver cancer that has an important task in tumor
development and progression through AP-1 signaling*>*". Geng et al. reported an interesting finding
whereby the combination of sorafenib with epalrestat (an inhibitor targeting AKR1B10) inhibited HepG2
cell proliferation. Furthermore, this combined treatment arrested the cell cycle at the Go/G1 phase!™.

In addition, Li et al. reported that Mucin-1 (MUC1) induces the secretion of the TGF-p through JNK/AP-1
signaling'*’. It is well known that, depending on the context, TGF-p may exhibit either oncogenic or tumor
suppressive activities: during early stages of liver cancer, it participates as a tumor suppressor, but during
late stages, it contributes to tumor progression'””’. In this manner, AP-1 could favor cell progression through
the expression of TGF-B during the late stages of HCC.

Han et al. showed that Nogo-B is one of the AP-1 targeted genes”. Nogo-B codes for an endoplasmic
reticulum-residential protein involved in a variety of diseases™. Its receptor (NgBR) is upregulated in
patients with HCC and associated with poor disease prognosis”™. Overexpression of NgBR contributes to
cell proliferation of human HCC cells both in vivo and in vitro, and its knockdown exerts the opposite
effect”).

Recently, Bakiri et al. investigated a novel mechanism of liver tumorigenesis involving the activation of the
c-Jun/Fra-2/Myc pathway leading to exacerbated proliferation of hepatocytes”™, which is another
potentially useful drug target for developing pharmacological strategies against HCC. Thus, AP-1 represents
another potential indirect pathway promoting HCC.

Resisting cell death and apoptosis

The role of AP-1 in modulating apoptosis depends on the cellular context. Shaulian and Karin described a
model to explain the function of AP-1 in cell death and survival. They suggested that this factor can regulate
the expression of pro- and anti-apoptotic genes, and that its persistent activation promotes cell proliferation
and survival®. When cells deal with stress, damage, or external signals that normally trigger apoptosis, AP-1
can promote cell survival by positively regulating anti-apoptotic genes. This regulation may include genes
encoding proteins such as Bcl-2 and inhibitors of apoptosis proteins (IAPs), which prevent the activation of
caspases and other factors involved in the apoptotic cascade. In addition, Takeuchi et al. investigated the
role of EGF in cell survival of human gastric adenocarcinoma cells. They found that EGF transmits an anti-
apoptotic signal through the activation of AP-1, as the expression of c-Fos and c-Jun increased in response
to EGF. The expression of the Bcl-XL protein was also increased. This protein is a member of the anti-
apoptotic Bcl-2 family whose expression is known to be regulated by AP-1"". In accordance, Eferl et al.
found that AP-1 antagonizes apoptosis, since inhibition of c¢-Jun in an in vivo model of chemically-induced
HCC resulted in inhibition of tumor development, which in turn correlated with increased levels of p53 and
the NOXOI gene, a process that promoted apoptosis'®.
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Tumor-promoting inflammation

AP-1 has a significant impact on the regulation of inflammation. It acts as a central coordinator, influencing
the expression of genes associated with the inflammatory response”™. AP-1 activation leads to the
production of pro-inflammatory cytokines, including matrix metallopeptidases (MMPs) and
cyclooxygenase 2 (COX-2), as well as other molecules that contribute to the recruitment of immune cells
and the amplification of the inflammatory response'*’”. Understanding the intricate interplay between AP-1
and inflammation in the liver holds promise for developing targeted therapies aimed at modulating the

[77]

inflammatory response and mitigating the progression of liver diseases

Thomsen et al. demonstrated that JunB plays an essential role in modulating the immune response in the
liver. They observed that this component of AP-1 is expressed in liver samples from patients and mice with
hepatitis. Additionally, using animal models of liver inflammation, they reported that JunB/AP-1 regulates
the expression of IFN-y (an important cytokine during the immune response) in NK and NKT immune
cells during acute hepatitis”®. The same group demonstrated that c-Jun/AP-1 is strongly expressed in the
liver of patients with acute liver inflammation, and that it contributes to cell survival during liver injury.
They also observed that this effect is caused by regulating nitric oxide synthase 2/nitric oxide (NOS2/NO)
activity, which are transcriptional targets of AP-1""\.

Avoiding immune destruction

Recently, Zhuo et al. showed that AP-1 family motifs are enriched in the enhancer regions of tumor-
infiltrating Treg cells (TITR), and that AP-1 signaling is required to activate these cells, a mechanism that
hinders effective antitumor immunity™’. They suggested developing new therapeutic strategies targeting
TITRs, taking advantage of AP-1 signaling.

The use of immune checkpoint inhibitors (ICIs) has gained importance in recent years as a therapeutic
indication in different malignancies including liver cancer, due to the observed benefit in clinical studies™".
In fact, inhibitors of the programmed cell death protein 1 (PD-1) and its ligand (PD-L1), or cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) have been recently approved by the Food and Drug
Administration (FDA) for liver cancer treatment™. Surprisingly, a relationship between AP-1 participation
and modulation of the expression of these immune checkpoints has been found and thoroughly
discussed"™. Briefly, Xiao et al. found that c-Fos has immunosuppressive activity in tumor-infiltrating T
cells. They observed elevated activity of this component of AP-1 during tumor progression, and that this
transcription factor binds to the promoter region of PD-1, inducing its expression®. Furthermore, You et al.
reported that PD-L1 overexpression correlates with the positive regulation of AP-1 in leukemic cells,
and that AP-1 inhibition decreases PD-L1 expression®. In addition, Luo et al, by exploring the
activity of anlotinib in both in vitro and in vivo models of colorectal cancer, reported that this drug
increases PD-L1 levels through the activation of ROS/JNK/AP-1 signaling®. In a study that
evaluated the activity of ailanthone as a c-Jun inhibitor in a mouse melanoma model, it was found that
this molecule inhibits c-Jun-induced PD-L1 expression and secretion, and sensitizes the cancer cells
to the effect of anti-PD-L1 therapy"™”.

Activating invasion and metastasis

Hsiang et al. reported for the first time that acetaldehyde from alcohol consumption could enhance AP-1
activity, thereby promoting the invasion of hepatocarcinoma cells through overexpression of matrix
metalloproteinase-9 (MMP-9)"**. This proteinase is overexpressed in tumor tissues of HCC patients. Its
overactivity has a strong association with invasion and metastasis, and has also been related to vascular
invasion™®!. Different research groups have studied AP-1-mediated MMP-9 expression and its
involvement in cell invasion. Pan et al., and later, Lee et al., observed that AP-1 activity induces MMP-9
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gene transcription, promoting the invasive phenotype of HepGz2 cells”"*?. Another significant contribution
is the study by Yu and Lee, who observed that hydroquinone, an environmental carcinogen, increased AP-1
activity, achieving a strong induction of MMP-9 expression and further invasion capacity of HCC cells"*”.
Furthermore, Cho et al. reported the involvement of KAI1 COOH-terminal interacting tetraspanin
(KITENIN) in HCC migration and invasion, concluding that this component is associated with the
activation of AP-1 target genes that promote the expression of MMP-1 and MMP-3"*. In this respect,
Sugioka et al., and later, Yoon et al., confirmed that AP-1 activity is necessary to induce MMP-1 expression
in human HCC cells”**?, which is associated with poor prognosis disease, tumor invasion and metastasis"”.

On the other hand, Rhee ef al. found in HCC cells that AP-1 induces the expression of keratin 19 (KRT19),
a marker of poor prognosis in this cancer, associated with an invasive phenotype*”.

Additionally, a study by Zhu et al. demonstrated that microRNA-21 (miR-21) activity is associated with
tumor migration and invasion ability in HCC, and, interestingly, AP-1 could directly activate its
transcription®. In this regard, Liu et al. reported that miR-101 prevents AP-1 overactivation, inhibiting
AP-1-generated metastatic signals".

Xian et al. suggested that AP-1 binds to the Brother of the Regulator of Imprinted Sites (BORIS), a DNA-
binding protein involved in tumorigenesis and a specific indicator of HCC. According to these authors,
such interaction increases BORIS expression in liver tumor tissue and promotes metastatic features"".
Finally, Liu et al. recently found that the acid-sensing ion channel 1 (ASIC1) promotes migration and
invasion in HCC models in vitro and in vivo through the activation of the cFos/cJun heterodimer"®.

Inducing or accessing vasculature

AP-1 directly modulates angiogenesis; for example, in the peritoneal mesothelium, TGF-p1, IL-1f, and
TNF-q act through c-Fos to upregulate vascular endothelial growth factor (VEGF) production"®. In
hepatoma cell lines, Ji et al. demonstrated that, as expected, decreasing c-Fos expression reduces AP-1
transcriptional activity, leading to a diminishing of vascular endothelial growth factor-D (VEGFD)
expression, which contributes to moderate angiogenesis'**..

Nogo-B is not only involved in tumor cell proliferation, but is also considered a novel regulator of tumor
|. There is evidence suggesting that in the
tumor microenvironment, AP-1 may activate the transcription of VEGF and Nogo-B, promoting tumor

105,106

angiogenesis in several types of cancer, especially in HCC!

angiogenesis. According to Han et al., under hypoxia conditions, Nogo-B expression in HCC tissues and
cell lines is significantly enhanced, and such overexpression is induced by c-Fos. Through deletion and
mutation analysis of the predicted activator protein-1 binding sites, Han et al. found that the functional
element mediates the induction of Nogo-B promoter activity!™".

Conversely, AP-1 may also be an inhibitor of angiogenesis through its JunB component, which, as
previously mentioned, exhibits tumor suppressor activity. The HLJ1 heat shock protein has been identified
as a tumor suppressor in several types of cancer””*®. Wang et al. focused on elucidating its activation
mechanism and found that the AP-1 binding site on the HL]J1 gene is essential for promoting its expression,
and confirmed that FosB, JunB, and JunD bind to this site"”. Nevertheless, the precise determinants that
dictate whether AP-1 exhibits pro-angiogenic or anti-angiogenic activity within a cell remain to be fully
elucidated. Clearly, additional research in this domain is warranted.
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Senescence
Several data suggest that AP-1 is a key regulator of cellular senescence"""". Jachim et al. found that BMAL,
a transcription factor and master regulator of the molecular circadian clock, modulates cellular senescence

via AP-1 transcriptional activity"'?.

Interestingly, Han et al. identified that AP-1 is a major regulator of the transcriptional program activated
upon oncogenic stress, and identified that the expression of FOXF1 (one of its targeted genes) plays a
relevant role in the regulation of the senescence phenotype'”. In their study, Martinez-Zamudio et al.
highlighted that AP-1 is essential for the expression of senescence-associated secretory phenotype genes
(SASP), and they consider it a relevant therapeutic for the modulation of senescence in age-related diseases
and cancer!”. Moreover, during colon carcinogenesis, AP-1-dependent transcription is active in the

[114]

initiation and maintenance phases of senescence''*.

In vitro treatment of human HCC cells with rapamycin and 5-fluorouracil induced apoptosis and cellular
senescence”. However, the authors reported that the senescent phenotype was accompanied by negative
regulation of AP-1 and NF-«B transcriptional activity, a contradictory finding to the above discussed.
Hence, research on the role of the AP-1 family in the modulation of cellular senescence in malignant
conditions is controversial. A study published in 2006 showed that both c-Jun and JunB are involved in
chemotherapy-induced cellular senescence'"'; however, it remains to be elucidated in which context AP-1
components act as inducers or repressors of cellular senescence, and whether this activity could be
harnessed as a therapeutic target to manage HCC.

The normal activity of AP-1 is involved in different cellular processes that lead to optimal cell function;
however, deregulation of this transcription factor leads to the activation of essential molecular processes in
liver carcinogenesis known as cancer hallmarks, which establish key features of malignant cell
transformation. Thus, inhibiting AP-1 constitutes a reasonable therapeutic strategy for the treatment of liver
tumors.

POTENTIAL CLINICAL VALUE OF AP-1 IN LIVER CANCER: EARLY DIAGNOSIS,
PROGNOSIS, AND DRUG RESISTANCE

Liu et al. were pioneers in detecting the presence of AP-1 in tumor tissues of patients diagnosed with HCC.
Their study revealed that this transcription factor is upregulated in more than 50% of the cases studied
during the early stage of liver cancer development. Interestingly, they observed only weak activation of AP-1
in metastatic tumors, suggesting that the regulation of non-hepatocyte-derived tumors within the liver likely
involves distinct mechanisms""”. Chen et al. evaluated the expression of the Jun dimerization protein 2
(JDP2), an AP-1 repressor protein known to play a significant role in liver cancer development™?, in tissue
samples from HCC patients. Their findings showed a strong correlation between high JDP2 expression and
smaller tumor size and early-stage HCC. This association suggests that elevated JDP2 expression improves

119]

patient survival and may serve as a valuable prognostic biomarker!*.

On the other hand, AP-1 activity has been implicated in conferring resistance to various chemotherapeutic
drugs, and Daschner et al. reported that AP-1 provides chemo-resistance to breast cancer cells"*.
Wang et al. observed that AP-1 could increase the transcription of the E3 ubiquitin-protein ligase (XIAP), a

121]

component that provides a resistance mechanism to breast cancer therapy!

In liver cancer, it has been estimated that only 30% of patients benefit from pharmacological treatment with
sorafenib, and most of these responders will develop drug resistance within six months"*’. Consequently,
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understanding the molecular mechanisms underlying either poor or no sensitivity to chemotherapy has
become a major issue in cancer research"”. For instance, Cheng et al. reported that inhibiting IRAK1
(interleukin-1 receptor-associated kinase 1), a mediator of Toll-like receptor (TLR) and interleukin-1
receptor (IL-1R) signaling, and a regulator of liver tumor-initiating cell (TIC) functions, can suppress liver
TIC populations and mitigate sorafenib resistance in HCC cells. They propose that the IRAK4/IRAK1/AP-1
/AKR1 signaling pathway may serve as a novel therapeutic target in liver cancer"”*. Furthermore, Yan et al.
noticed that overexpression of c-Jun in sorafenib-resistant liver cancer cells is associated with heightened
FoxM1 activity, a critical factor in the resistance mechanism. Inhibition of FoxM1 increased cellular
sensitivity to the drug’s effects'”. These data provide a rationale supporting that AP-1 is a key component
in generating resistance to current liver cancer therapy and may be a promising drug target.

Taken together, it is conceivable to consider AP-1 as an early and prognostic marker for liver cancer, as well
as a therapeutic target and an adjuvant to overcome drug resistance in clinical settings.

AP-1 inhibitors

Liver cancer ranks sixth in incidence and second in mortality worldwide, with a mortality:incidence ratio of
89.9% (The Global Cancer Observatory). As discussed above, AP-1 is a potential therapeutic target for
therapy against HCC, so developing drugs to block its activity is a useful strategy in the search for new
targeted therapies. Recently, Song et al. reviewed AP-1-targeted small molecule inhibitors that have been
tested and have demonstrated some anticancer effects"*. For example, the small-molecule c-Fos/AP-1
inhibitor (T-5224) was shown to inhibit the invasion and migration of head and neck squamous cell
carcinoma cells"””. On the other hand, the selective AP-1 inhibitor XR5944 inhibited head and neck
squamous cell carcinoma (HNSCC) invasion and migration in vitro and in vivo"”. Interestingly,
Fukuda et al. found that berberine, an alkaloid present in plants of the genera Berberis and Coptis, inhibited
AP-1 activity in human hepatoma cells"*". In fact, berberine was tested in combination with gefitinib in a
phase II clinical trial in patients with advanced non-small-cell lung cancer (NSCLC) with EGFR mutations
(NCT03486496), but no results have been published yet. Although the aim of this study was not to target
AP-1 activity, it would be interesting to determine the status of this protein after treatment with berberine.
As a further example, the inhibitor of JUN/AP-1 T-5224 has cytotoxic effects on multiple myeloma cells"*”'.

Moreover, certain phytochemical compounds are able to inhibit AP-1 activity, such as retinoids, resveratrol,
guanidine alkaloids, viscolin, and curcumin, among others""*.

In a Setd2-deficient mice model, Li et al. found that liver depletion of setd2-induced c-Jun/AP-1 activation
and high-fat diet enhanced lipid accumulation and promoted the development of HCC™'. Developing
pharmacological strategies targeting the modulation of upstream components in the AP-1 signaling
pathway is key to the discovery of new drugs.

Due to its inhibitory role of AP-1 signaling, the anti-inflammatory property of curcumin was evaluated in
patients with atopic asthma; however, its oral administration (1,000 mg, twice daily) showed no significant
effects (ClinicalTrial ID: NCT01179256). On the other hand, doxycycline, which has an inhibitory effect on
JNK1/2 signaling, was tested in patients with symptomatic peripheral arterial disease, finding minimal
activation of AP-1 in both the non-progressive and progressive phases of atherosclerosis, respectively*?. A
Phase I study evaluated the pharmacokinetic and toxicity parameters of bis-phenazine XR5944.14, a novel
cytotoxic drug with antitumor activity; however, the lack of correlation between toxicity and
pharmacokinetic values made it difficult to recommend a dose for further studies in Phase 2 trials"*!.
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The endogenous bioactive lipid mediators, lipoxins, were recently reported to be involved in processes such
as chronic inflammation and cancer through the modulation of transcription factors like AP-1"**. Research
and development of small molecules targeted to modulate the activity of these mediators could represent a
novel option for targeting cancer. Since the MyD8s signaling pathway triggers the activation of
transcription factors such as NF-xB and AP-1 to promote the release of immune and inflammatory
mediators that promote the development of various diseases including cancer, Liu et al. suggest that
targeting MyDs88 through the use of ST2825 inhibitor may be a possible therapeutic strategy to modulate the
regulation of inflammatory diseases"*".

CONCLUSIONS AND PERSPECTIVES

While the impact of AP-1 on gene expression varies depending on the cellular context, there is sufficient
evidence to postulate this transcription factor as a key contributor to the carcinogenesis of several types of
cancer, including HCC. Initially, several research groups suggested that the involvement of the AP-1 family
was confined to the early stages of liver cancer™ "), However, increasing evidence indicates that abnormal
AP-1 activity not only occurs as an early event during HCC development, but also plays an important role
in HCC progression during later stages when the tumor is already established"*”. Liver carcinogenesis
studies such as the DEN animal model could be useful to evaluate if there is differential expression of AP-1
subunits during the distinct stages of chronic liver disease.

It is important to point out that Columbano et al. reported that the participation of c-Jun is not required to
increase hepatocyte proliferation in the presence of carcinogen 1,4-Bis [2-(3,5-Dichloropyridyloxy)]
benzene (TCPOBOP)"”. This interesting observation may be explained by the different proliferative
responses independent of AP-1 activation. However, whether this transcription factor has a relevant
contribution in the late stages of HCC, in which a large percentage of patients are diagnosed, remains to be
elucidated™**. Understanding the participation of AP-1 in these stages could pave the way for AP-1-targeted
treatments that would benefit these patients. It would be interesting to perform polymerase chain reaction
(PCR) assays on tumoral tissues from patients diagnosed during advanced stages of HCC to determine their
expression levels.

Developing drugs that effectively inhibit AP-1 is challenging but crucial to improving liver disease therapy;
however, there are some limitations. Since AP-1 is a critical transcription factor that regulates gene
expression in healthy cells, it is necessary to investigate and propose small molecules targeting AP-1
subunits responsible for hepatic carcinogenesis. In addition, considering that AP-1 exhibits either oncogenic
or anti-oncogenic activities depending on the conforming dimer, further research is needed to reveal which
conditions favor the conformation of one AP-1 dimer or another. Additionally, in silico tools may prove
valuable in identifying repurposed drugs capable of achieving this objective. Molecules with proven activity
against AP-1 should be thoroughly investigated as potential candidates for cancer therapeutics" >

Drug combination is a therapeutic approach that has brought many benefits as a modality against various
diseases, especially cancer. It is noteworthy to propose drug combinations modulating the activity of AP-1
as the basis of translational studies, since there are no clinical trials evaluating the activity of drugs targeting
this transcription factor. Recently, the use of gene editing strategies such as CRISPR-Cas9 has generated
many benefits in research and represents a wide field of application. For instance, Xu et al. demonstrated
that this tool could be useful in providing drug combination options"*’. Therefore, it may also be applied to
identify drugs that can be combined with AP-1 inhibitors. Moreover, since AP-1 is also able to modulate the
immune response, blocking its activity could also be a promising component in immunotherapy.
Additionally, the recent reclassification of steatotic liver disease, which reflects clinical practice and
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prognosis, should help to improve diagnosis and treatment"*'.

In conclusion, AP-1 represents a powerful tool as an early marker of liver damage, as well as an HCC
prognostic marker and therapeutic target. The potential use of AP-1 in clinical settings may benefit many
patients, from preventing precancer liver disease to drug resistance in HCC patients.
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