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ABSTRACT

The FOS gene is an immediate-response proto-oncogene that encodes the c-Fos protein, a transcription factor that, by
forming the activator protein-1 (AP-1) complex with c-Jun, regulates genes involved in proliferation, differentiation,
inflammation, and stress response, and is also an important marker of neuronal activation. In addition to being involved
in tumors and epilepsy, FOS plays a key role in the immune response and neuronal activation, being also induced during
infections through the activation of Toll-like receptors (TLRs) and mitogen-activated protein kinase (MAPK) signaling
pathways. TLR9 activation by microbial DNA induces the MAPK pathway, which activates c-Fos/AP-1, promoting the
expression of pro-inflammatory cytokines involved in the immune response against bacteria and viruses. However, some
viruses exploit or alter these pathways to promote their own replication or evade the immune system, while AP-1 often
cooperates with NF-kB and nuclear factor of activated T cells (NFAT) for full activation of cytokine transcription.
Overall, the FOS/c-Fos—AP-1 signaling axis is a central regulator linking pathogen recognition to inflammatory, antiviral,
and neuronal responses, while its dysregulation or viral manipulation contributes to disease pathogenesis.
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INTRODUCTION

The FOS gene encodes mRNA FOS, leading to the protein c-Fos, which is rapidly expressed following neuronal
stimulation or other cellular signals. c-Fos functions as a transcription factor that regulates the expression of downstream
target genes. It forms the activator protein-1 (AP-1) complex through dimerization with proteins such as c-Jun, allowing
regulation of genes involved in cellular processes including stress responses, proliferation, differentiation, inflammation,
survival, and apoptosis (1,2).

c-Fos is widely used as a molecular marker of neuronal activation. Following exposure to a strong stimulus, insult,
antigen, or pharmacological agent, c-Fos expression increases rapidly, typically becoming detectable within
approximately 30-60 minutes and reaching peak levels within a few hours (1,3). Because c-Fos expression occurs in
activated neurons, it can be used to identify neuronal populations recruited during specific stimuli or behavioral states.
Detection methods include c-Fos gene expression analysis and immunohistochemistry that allow researchers to map
activated neural circuits and investigate processes such as anxiety, depression, pain, substance addiction, memory
formation, sleep, and wakefulness (4).
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DISCUSSION

The FOS gene, also known as an immediate early gene (IEG) because of its rapid response to cellular activation, is a
proto-oncogene that mediates certain pathologies such as tumors and epilepsy. In some tumors, FOS is altered or
persistently increased (2). c-Fos activation by inflammatory signals involves the generation of interleukin (IL)-2 and
tumor necrosis factor (TNF) which participate in the activation of T lymphocytes and act against infections (5). In the
central nervous system (CNS), c-Fos is a marker of neurons. It indicates brain areas activated after stress and pain and is
an important marker of neuronal circuits (1). c-Fos can be activated during an infection when a bacterium or virus infects
the body (6).

In general, microorganisms are recognized through pattern recognition receptors (PRRs), particularly Toll-like
receptor (TLR)4, which recognizes the lipopolysaccharide (LPS) of Gram-negative bacteria (7). In viral infections, TLR3
recognizes double-stranded RNA and TLRY recognizes DNA rich in unmethylated cytosine—phosphate—guanine (CpG)
motifs (6). CpG is a DNA sequence in which a cytosine (C) is followed by a guanine (G) on the same strand, with the
phosphate group (p) of the sugar-phosphate backbone between the two nucleotides. In mammalian DNA, many CpG sites
are methylated (cytosine can become 5-methylcytosine); while in bacteria and many viruses, CpG motifs are common
and generally unmethylated. TLR9 uses these reactions to recognize microbial DNA and activate the innate immune
response. Activated TLR triggers a biochemical cascade of intracellular signaling that includes myeloid differentiation
primary response 88 (MyD88), IL-1 receptor-associated kinase (IRAK), TNF receptor-associated factor 6 (TRAF6),
transforming growth factor-p-activated kinase 1 (TAK1), and mitogen-activated protein kinases (MAPKs), including
extracellular signal-regulated kinase (ERK), tyrosine kinase non-receptor (TNK), and p38 (8).

MAPK and c-Fos activation

c-Fos, MAPK activation, and the immune response against bacteria and viruses are interconnected concepts in the
signaling pathway of several TLRs, including TLR9, and the mechanism follows pathogen recognition. In endosomes,
TLR9 recognizes DNA with unmethylated CpG motifs from bacteria and viruses, resulting in activation of the TLR9
pathway (9). This pathway recruits MyD88, which activates several kinases, including MAPK, ERK, c-Jun N-terminal
kinase (JNK), and p38. c-Fos activation occurs when MAPKs induce the expression of the transcription factor c-Fos,
which associates with c-Jun to form the AP-1 complex (2). AP-1 is involved in the immune response by promoting the
transcription of genes encoding the pro-inflammatory cytokines TNF, IL-6, IL-1B, chemokines, and other molecules
involved in the immune response against bacteria and viruses (10) (Fig.1).

Summary Diagram
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Fig. 1. Toll-like receptor (TLR)9 activation initiates a biochemical cascade involving transcription factors such as NF-
kB and activator protein-1 (AP-1), inducing the transcription of genes and the secretion of cytokines involved in the
immune response against bacteria and viruses.

The reaction between c-Fos, MAPKs, and microorganisms activates infectious mechanisms and an immune response.
TLRs detect viral and bacterial proteins, a recognition that activates intracellular signaling pathways, including MAPKs,
the main ones being ERK, JNK, and p38 (11).

In bacterial infections, activation of the MAPK/c-Fos pathway primarily promotes the inflammatory response, which
is important for eliminating bacteria (10). In viral infections, however, in addition to promoting inflammation, they also
induce antiviral genes (5).

Several viruses have evolved strategies to modulate or exploit the MAPK and c-Fos pathways to their advantage,
promoting replication or limiting the immune response (12). In addition to bacteria, viruses also activate MAPKs to
increase c-Fos and promote their own replication, to use AP-1 to transcribe viral genes, or to inhibit the aforementioned
pathways to evade the immune system (13). For example, influenza A virus activates p38 and the endoplasmic reticulum,
and herpes simplex virus exploits AP-1 during the replication cycle, while severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) can alter MAPK pathways, contributing to the generation of pro-inflammatory cytokines (14,15).
Furthermore, AP-1 activation alone can often be insufficient to produce robust cytokine generation (2). Therefore, the
transcription of many cytokines requires the cooperation of AP-1 with other transcription factors, especially NF-xB and,
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in some cells and situations, with nuclear factor of activated T cells (NFAT), as occurs, for example, with the expression
of IL-2 in T lymphocytes (5) (Fig.2).
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Fig. 2. Microbial DNA, including bacterial and viral nucleic acids, activates Toll-like receptors (TLRs), such as TLRY,
triggering the mitogen-activated protein kinase (MAPK) signaling pathway and induction of the immediate-early gene
FOS. The resulting c-Fos protein heterodimerizes c-Jun to form the activator protein-1 (AP-1) transcription factor, which
regulates genes involved in inflammation, antiviral responses, proliferation, differentiation, stress responses, and
neuronal activation. AP-1 can cooperate with NF-kB and nuclear factor of activated T cells (NFAT) to promote the
transcription of pro-inflammatory cytokines and other immune-response genes. Some viruses can exploit or modulate
these signaling pathways to enhance their replication or evade host immune responses. Dysregulation of the FOS/c-Fos—
AP-1 axis may contribute to pathological processes, including infection-associated inflammation, tumorigenesis, and
neuronal dysfunction.

CONCLUSIONS

The FOS gene is an immediate-early proto-oncogene that encodes c-Fos, a transcription factor that forms the AP-1
complex with c-Jun to regulate genes involved in cell proliferation, differentiation, inflammation, stress responses,
neuronal activation, and immunity. During bacterial and viral infections, activation of TLRs (particularly TLR9) triggers
MAPK signaling, leading to c-Fos/AP-1 activation and the expression of pro-inflammatory and antiviral genes, although
some viruses can manipulate these pathways to enhance replication or evade immune responses; full cytokine expression
often requires cooperation between AP-1, NF-kB, and NFAT.
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