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Abstract

An association between bacteria and tumorigenesis has been long established.
Recent studies have identified intracellular bacteria within cancer cells, including
melanoma, although its role in carcinogenesis remains unclear. In the context of
melanoma, it can be speculated whether intracellular bacteria could interfere with
the host cell signaling pathways and, consequently, contribute to melanoma
development. In this review, the main signaling pathways in melanomagenesis
and melanogenesis are summarized and correlated with intracellular bacteria-
induced mechanisms that could trigger or influence tumorigenesis at different
levels. Although several mechanisms were compatible, the evidence so far has
identified Bartonella henselae, Fusobacterium nucleatum, Mycoplasma hyorhinis,
and Staphylococcus aureus within melanoma cells. It remains a hypothesis
whether these bacteria could be involved in melanomagenesis. At present, no
pro-melanoma interference between these intracellular bacteria and the
eukaryotic niche has been demonstrated per se; thus, further studies are needed.
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1. Introduction and Objectives

Classically, bacterial interference with the host cell has been restricted to the
extracellular environment. However, increasing evidence supports that some
bacteria are able to survive within the host cell, allowing a close interaction
between a prokaryotic organism and the eukaryotic niche, which could lead to the
deregulation of crucial host cell pathways that may trigger pro-tumorigenic
mechanisms.

In 2020, Nejman et al. characterized the human tumor microbiome and
demonstrated that intratumor bacteria were predominantly intracellular. Moreover,
in a recent study, Kalaora et al. reported the presentation of intracellular bacteria-
derived peptides in human leukocyte antigens (HLA) in melanoma cells. The role
of melanocytes in the immune skin response has been described, which might
suggest a more frequent interaction with bacteria (and, therefore, intracellular
bacteria). In this context, it has been hypothesized that intracellular bacteria are
more than bystanders and therefore, could contribute to melanomagenesis in
varying degrees.

Melanoma develops from the malignant transformation of melanocytes and
constitutes the most aggressive type of skin cancer. Over the past decades, an
increase in its incidence has been reported, mainly in developed countries.
ldentifying an association between intracellular bacteria and melanoma
development has the potential to change our current understanding of not only
melanomagenesis but also tumorigenesis, and establish a new approach to
cancer treatment.

This bachelor’s thesis aims to review, on the one hand, the evidence regarding
the presence of intracellular bacteria in tumor cells and the tumorigenic
interference with the host cell and, on the other hand, the evidence concerning
melanomagenesis and melanogenesis. Based on this data, the involvement of
intracellular bacteria-driven mechanisms in melanomagenesis will be
hypothesized.



2. Methodology

Initial bibliographic research focused on the interaction between the host cell and
intracellular bacteria was conducted in PubMed with the following MeSH
descriptors: “bacteria” “cytoplasm”, “host-pathogen interactions”, “apoptosis”,
“carcinogenesis”, “cell transformation, neoplastic”, “neoplasm” and “humans”.
Subsequently, a second research focused on melanoma and melanogenesis was
conducted with the following MeSH descriptors: “bacteria”, “microbiota”,
‘melanoma”, “signal transduction”, “cell transformation, neoplastic’ “melanins”
and “humans”. The obtained literature was assessed through the abstract or full

text.
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3. Results

3.1 Intracellular bacteria

Several bacterial pathogens (as well as other microorganisms such as fungi,
protozoa, or viruses) have evolved to invade and survive within a eukaryotic niche
(1). A classification regarding its ability to survive and replicate extra or
intracellularly distinguishes between facultative (these bacteria are able to
replicate within or outside the host cell) or obligate intracellular bacteria
(replication is restricted within the intracellular niche) (2).

Some Bartonella, Bordetella, Brucella, Burkholderia, Campylobacter, Escherichia,
Francisella, Fusobacterium, Helicobacter, Legionella, Listeria, Mycobacterium,
Neisseria, Salmonella, Shigella, Staphylococcus, Streptococcus, and Yersinia
species are facultative intracellular bacteria, while some Chlamydia, Coxiella,
Rickettsia, and Mycobacterium species are obligated intracellular bacteria, among
others (1).

Intracellular bacteria have developed multiple strategies to invade, replicate and
survive inside the host cell. Different intracellular life cycles have been described,
distinguishing between an intravacuolar/intraphagosomal or cytosolic lifestyle (1).
Following internalization, endocytic pathways are activated, and intracellular
bacteria are incorporated within a membrane-bound vacuole or phagosome,
which undergoes progressive acidification and maturation through fusion with
endocytic organelles, completed with the development of a phagolysosome (1).
Intracellular bacteria with an intravacuolar lifestyle are able to arrest the
phagosome maturation process and modify the environment within the
phagolysosome (except Coxiella burnetii, whose survival is dependent on
phagolysosome formation) (1,3). Some of these pathogens hijack the host
endocytic and secretory pathways to establish a specialized niche for bacterial
growth, replication, and survival (3).



However, some pathogens have developed mechanisms to escape from the
vacuole into the nutrient-rich host cytosol, which must be permissive for bacterial
growth; in turn, bacteria must be able to use cytosolic substrates. Furthermore,
intracellular bacteria with a cytosolic lifestyle must avoid microbicidal substances
and modulate the host defense mechanisms (through evasion of immune
recognition, inhibition of the immune and inflammatory response, and suppression
of autophagy) (4).

Pathogens are able to interact with other intracellular compartments within the
host cell to ensure its survival (for instance, the endoplasmic reticulum, Golgi-
related vesicles, mitochondria, or the eukaryotic nucleus) without altering host cell
integrity (2).

In this context, multiple studies have demonstrated its ability to remain viable
intracellularly without engaging in the destruction of the host cell; in fact,
intracellular bacteria could actively promote evasion of host cell death via
activation and inhibition of pro-survival and pro-death pathways, respectively
(1,5). For instance, a study demonstrated that Bordetella burgdorferi was able to
invade human neuroglial and cortical neuronal cells; bacterial viability within the
host cell and the absence of cytopathic effects following infection were also
reported (6).

As stated above, intracellular bacteria can survive within the host cell through
interaction and deregulation of its cellular pathways.

3.2 Intracellular bacteria in tumor cells

Replication and survival of intracellular bacteria within several cell types (which
include phagocytic and non-phagocytic cells) have been reported (1).

Increasing evidence supports the existence of a human intratumor microbiome,
which could influence tumorigenesis through several mechanisms (7). Recently,
an analysis of the human tumor microbiome in samples of seven solid tumor types
(including melanoma) demonstrated that intratumor bacteria were principally
intracellular, mainly located inside cancer and immune cells; moreover,
intracellular bacteria were present in varying degrees according to the tumor type.
In addition to its identification, the authors reported that these pathogens
remained viable and active within tumor cells (8). However, it is unclear whether
these bacteria could contribute to tumorigenesis or whether they solely exploit the
tumor environment.

Nevertheless, bacteria and cancer are two interrelated terms. Identification of
bacterial deoxyribonucleic acid (DNA) integration in cancer cell genomes and
upregulation of ancient genes or conserved genes in primitive and unicellular



organisms as a common feature in tumors, suggest that cancer may represent a
return to a unicellular lifestyle (9). In consonance with this evidence, a hypothesis
regarding the bacterial origin of cancer cells has been proposed, based on a
prokaryote-to-eukaryote transition in which intracellular bacteria may play a
decisive role (9).

According to this hypothesis (9), following senescence, normal or cancer cells
transform into giant polypoid cells or giant polypoid cancer cells, respectively,
which promote the activation of “latent” intracellular bacteria and allow the
internalization of extracellular bacteria. Subsequently, intracellular bacteria may
translocate into the nuclei, acquire and retain nuclear DNA in DNA storage bodies,
and transform into nascent cancer cells, which proliferate within the cytoplasm
and later are released. As the nascent cancer cell develops, disruption of the DNA
storage bodies (which allows hybridization between eukaryotic DNA and bacterial
DNA) and further changes may contribute to the development of primary or
secondary cancer cells.

To summarize, evidence describes intracellular bacteria within tumor cells and
allows speculation about a crucial role in tumorigenesis, although its extent
remains unexplored.

3.3 Intracellular bacteria’s potential to induce tumorigenesis

Accumulating evidence regarding the role of intracellular bacteria in
carcinogenesis strongly suggests that the localization of the microorganism within
the host cell could enable and promote several cellular pathways that would
remain inaccessible or that would require more complex mechanisms to
extracellular bacteria.

Some intracellular bacteria have been associated with specific tumors; however,
others induce mechanisms that are potentially associated with cancer
development, but a link with a specific cancer type has not been established yet.
Some of these mechanisms do not require the presence of bacteria within the
host cell but are crucial to allow internalization.

Chlamydia, an obligate intracellular bacteria, has evolved to manipulate host cell
pathways to ensure a replicative niche: alterations in gene expression and protein
production at multiple levels being a common outcome. Evidence regarding
cervical cancer supports several mechanisms by which Chlamydia trachomatis
could contribute to tumorigenesis, such as induction of genomic instability and
DNA damage, inhibition of mitochondrial apoptosis, activation of oncogenic
pathways (the mitogen-activated protein kinase/extracellular signal-related kinase
or MAPK/ERK pathway), promotion of invasion, metastasis and a pro-
inflammatory environment, among others (10). Similarly, Chlamydia



pneumoniae infection may be implicated in lung cancer tumorigenesis; the
promotion of an inflammatory environment, anti-apoptotic activity, and the
secretion of mutagenic metabolites are some of the proposed mechanisms,
although evidence remains unclear (11).

Another obligate intracellular bacteria, Coxiella burnetii, which may be involved
in B-cell non-Hodgkin lymphoma development (12), modulates several hallmarks
of cancer cells, such as the regulation of host cell apoptosis. At a transcriptional
level, Coxiella manipulates the expression of survival-related genes (the
expression of pro-survival genes and pro-apoptosis genes increased and
decreased, respectively) (13). Moreover, interference between autophagy-related
Beclin-1 and anti-apoptotic Bcl-2 interaction and several effector proteins
harbored by Coxiella burnetii also contribute to the anti-apoptotic effect. This
outcome requires bacterial protein synthesis (13), suggesting that intracellular
bacteria play an active role, instead of remaining as bystanders.

The contribution of Helicobacter pylori to gastric cancer has been established.
In relation to intracellular bacteria, studies have detected this pathogen within
gastric pre-neoplastic and neoplastic cells. The intracellular expression of
virulence genes such as the vacuolating cytotoxin (vacA) and cytotoxin-
associated gene A (cagA) may promote a major involvement in gastric
carcinogenesis; for instance, cagA-mediated activation of oncogene protein
tyrosine phosphatase non-receptor type 11 (PTPN11), subsequent PTPN11-
encoded protein tyrosine phosphatase 2 (SHP2) and signal transducer and
activator of transcription 3 (STAT3) (14,15). Moreover, a study demonstrated that
Helicobacter pylori, through cagA and overexpression of capping actin protein of
muscle Z-line alpha subunit 1 (CAPZA1), might inhibit the protective effect of
autophagy in the host cell against tumorigenesis and intracellular bacteria growth,
thus increasing the risk of gastric carcinogenesis (15).

Salmonella enterica might be involved in gallbladder cancer pathogenesis since
it has been reported to induce malignant transformation of genetically susceptible
cells. Salmonella-mediated translocation of bacterial effector proteins into the host
cell, critical to enhance internalization and intracellular survival, is responsible for
sustained activation of MAPK and protein kinase B (AKT) signaling. Considering
that the transformation state persists after bacterial eradication, it has been
suggested that constitutive MAPK and AKT activation may alter the host
transcriptome; therefore, pathogens could be major drivers of epigenetic changes
(16).

Salmonella infection has also been associated with colorectal carcinoma. AvrA, a
bacterial effector protein, may play a role in colonic tumorigenesis since a study
reported that tumor incidence in mice infected with Salmonella expressing AvrA
was higher in comparison to those with AvrA-deficient bacteria (17). In addition to



its contribution to the establishment of an intracellular niche (18), this effector
protein is also implicated in apoptosis inhibition and the activation of several
components associated with cancer development (such as STAT3) (17).

A link between Escherichia coli and colorectal cancer has been proposed:
Escherichia coli colonizing colorectal cancer has been found to survive and
replicate within human macrophages, leading to the secretion of pro-inflammatory
cytokines. Therefore, intracellular bacteria may modulate carcinogenesis by
interacting with immune cells (19).

Interaction between Mycobacterium tuberculosis and the host cell may be
implicated in lung cancer tumorigenesis. The persistence of intracellular bacteria
might lead to a malignant transformation and cancer progression in the infected
host cell. For instance, a study reported Mycobacterium tuberculosis stimulated
tumor cell proliferation and migration through overexpression of marker of
proliferation Ki-67 (MKI67) (20). Moreover, this bacteria is able to invade tumor-
infiltrating immune cells (macrophages), promoting a pro-inflammatory
environment and epithelial-to-mesenchymal transition (21).

Staphylococcus species contribute to carcinogenesis in several types of cancer,
such as breast, bladder, colon, liver, lung, oral, and skin cancer, as well as
glioblastoma and lymphoma. Some mechanisms promoted by intracellular
bacteria might be involved in tumorigenesis. Staphylococcus aureus may induce
a reactive oxygen species (ROS)-dependent genotoxic effect (22) and upregulate
the MAPK/ERK signaling pathway; moreover, through type VIl secretion system
effectors, this bacteria can directly manipulate cell death pathways in order to
suppress apoptosis and preserve the integrity of the niche (23).

Extensive evidence sustains the role of Fusobacterium nucleatum in colorectal
carcinogenesis. The abundance of Fusobacterium nucleatum is reportedly
increased from normal tissues to adenoma and adenocarcinoma tissues (and
intracellular colonization has been demonstrated) (24). Moreover, this bacteria
enhances the proliferative and invasive potential of colorectal cell lines (24),
corroborating its contribution to colorectal cancer development. In this context,
several Fusobacterium-induced mechanisms have been proposed, such as
activation of pro-oncogenic signaling (for instance, via activation of 3-catenin
signaling, which is also implicated in DNA damage), non-coding RNA (involved in
oncogenesis and metabolic reprogramming) and induction of a pro-inflammatory
tumor-favorable immune environment, among others (25). Although the activation
of some of these mechanisms requires virulent factors involved in adhesion and
invasion of the host cell, a study has demonstrated that invasion is not required
for tumor growth (26).
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Its contribution to the development of other tumor types (breast, bladder, cervical,
esophageal, gastric, head and neck, lung, and pancreatic cancer) is controversial.

3.4 The case of melanoma
3.4.1 Melanomagenesis

Melanoma pathogenesis, that is, melanomagenesis, involves multiple signaling
pathways (27).

Melanoma has the highest mutational burden of any cancer. Several mutated
driver genes have been identified, including BRAF, NRAS, NF1, KIT, PTEN,
CDKNZ2A, TERT, and TP53, which are responsible for the hyperactivation of the
MAPK (RAS/RAF/MEK/ERK pathway, regulated by BRAF, NRAS, NF1, and KIT),
PI3K/AKT (regulated by PTEN), cell-cycle regulation (regulated by CDKNZ2A), p53
(regulated by TP53) and pigmentation-related pathways, among others (27).

Interference with key transcriptional factors and their downstream signal
pathways contributes to melanocytes’ acquisition of malignant attributes: SOX10
(which regulates cell proliferation and migration), microphthalmia-associated
transcription factor (MITF) (which modulates the expression of genes implicated
in cell-cycle regulation, cell differentiation, and invasiveness), Notch (which
regulates cell migration and several oncogenic signaling pathways such as the
MAPK or B-catenin pathway) and Wnt-3-catenin (evidence is controversial: both
a pro-tumoral and tumor-suppressive role have been proposed) (27).

In particular, MITF regulates melanocyte development and homeostasis,
contributing to the modulation of proliferation, differentiation, survival, and
pigmentation. Its biological function highly correlates with its activity level. On the
one hand, low MITF expression has been associated with enhanced invasiveness
of melanoma cells since downregulation of MITF may induce the activation of
STAT3 (a transcription factor involved in multiple phases of melanomagenesis).
On the other hand, moderate MITF expression facilitates a proliferative state
through the activation of several pro-survival targets (27).

Epigenetic modifications and deregulation are also implicated in melanoma
pathogenesis. For instance, di or tri-methylation of histone 3 on lysine-4 on
regulatory sites proximal to genes involved in specific modulation of oncogenic
pathways in melanoma have been reported (27).

In melanoma (and other cancer types) development, metabolic reprogramming
is fundamental. Predominantly, it involves the preference for aerobic glycolysis
instead of mitochondrial oxidative phosphorylation (termed the “Warburg effect”).
Lipid (including enhanced lipogenesis and lipid uptake) and amino acid
metabolism deregulation were also displayed in melanoma (27).
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Cell-adhesion alteration, epithelial-mesenchymal translation (EMT), and
exosomes play crucial roles in tumor metastasis. Specifically, EMT is a process
whereby epithelial cells adopt a mesenchymal phenotype and display increased
migratory and invasive behavior (27).

Inflammatory factors and signal pathways are involved in carcinogenesis. In
particular, constitutive activation of inflammasomes could induce an increased
interleukin-1B (IL-1B) secretion, which is involved in melanoma development and
progression (through angiogenesis and modulation of immune cells) (27).
Moreover, angiogenic growth factors, such as vascular endothelial growth
factor (VEGF) and interleukin-8 (IL-8) also contribute to melanomagenesis (27).

The role of melanogenesis and ROS in melanoma will be discussed below.
Regarding the latter, it has been demonstrated that melanoma cells produce
higher levels of ROS in comparison with non-tumoral cells. These highly reactive
molecules promote oncogenic mutations and crucial signaling pathways involved
in cell proliferation, differentiation, and dissemination (28).

3.4.2 Melanogenesis in melanomagenesis
3.4.2.1 Regulation of melanogenesis

Melanin biosynthesis occurs in melanosomes within melanocytes. Tyrosinase and
tyrosinase-related proteins 1 and 2, whose expression is regulated by MITF (29),
are key enzymes in the regulation of the multiple catalytic reactions implicated in
melanogenesis, that is, the conversion of an amino acid (tyrosine) to melanin
(eumelanin and pheomelanin).

Several pathways have been involved in the regulation of MITF expression and
melanogenesis.

Alpha-melanocyte-stimulating hormone (a-MSH) stimulates the melanocortin
receptor 1 (MC1R) and activates protein kinase A (PKA); PKA induces
phosphorylation of the cAMP response element-binding protein (CREB), which
results in MITF upregulation (29).

The MAPK pathway is also implicated in MITF regulation; however, evidence
regarding the MAPK signaling pathway, including activation of extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 kinase, is
controversial. On the one hand, activation of ERK1/ERK2 induces MITF
phosphorylation and promotes its degradation, thus downregulating
melanogenesis (29). On the other hand, ERK, JNK, and p38 phosphorylation
could upregulate MITF expression and transcriptional activity (30).
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Activation of the PIBK/AKT pathway induces glycogen synthase kinase-3 beta
(GSk3B) phosphorylation and subsequent MITF degradation, which leads to
melanogenesis downregulation (29). In contrast, stimulation of the Wnt pathway
suppresses GSk3B phosphorylation and (-catenin degradation. Following
cytoplasmic accumulation, B-catenin translocates into the nucleus and binds to
the lymphoid-enhancing factor/T-cell factor (LEF/TCF) transcription factors, with
subsequent upregulation of MITF expression (29).

The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
signaling pathway and p53 are also responsible for melanogenesis upregulation
(30,31). Furthermore, increased levels of ROS (which could associate DNA
damage, NF-kB, and p53 activation) may lead to a similar effect. However, ROS-
ERK stimulation due to mitochondrial dynamics could decrease melanin synthesis
(31).

Mitochondrial dynamics modulate melanin biosynthesis in human epidermal
melanocytes with varying results; while mitochondrial fusion increased melanin
synthesis, mitochondrial fission reduced melanogenesis through activation of the
ERK pathway and subsequent degradation of MITF (32).

Inflammation mediators could also influence this process; for instance, several
cytokines downregulate the expression of melanogenesis-related genes (31).

3.4.2.2 Melanogenesis and melanomagenesis

The role of melanin and melanogenesis in melanoma is controversial. For
instance, melanin (through ultraviolet radiation absorption) protects melanocytes;
also, its presence inhibits melanoma metastasis. However, a positive association
between melanin and melanomagenesis can not be ruled out since
melanogenesis constitutes a source of intracellular ROS. Moreover, melanin
levels positively correlate with the concentration of ROS within the cell (33).

Depending on its concentration, ROS may favor tumor progression (moderate
ROS levels) or suppression (excessive ROS accumulation). As described above,
ROS accumulation has been associated with mutagenic and genotoxic effects.
Furthermore, ROS are involved in the induction and activation of oncogenes (such
as BRAF) and transcription factors, including activator protein-1 (AP-1), hypoxia-
inducible factor (HIF-1), NF-kB, or STAT3; the MAPK/ERK and PI3K/AKT
signaling pathways; and metabolic reprogramming (33,34). All these mechanisms
reportedly lead to melanoma.

In this context, many cross-points are shared between the genetic regulation
processes of melanogenesis, cell proliferation, and inhibition of apoptosis.
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Moreover, numerous mutations in key nodes of melanogenesis regulation
pathways have been identified in melanoma (35).

In conclusion, melanogenesis interference may be involved in tumorigenesis.

3.4.3 Intracellular bacteria in melanoma

Intracellular bacteria have been identified in several tumor types, including
melanoma. An analysis of 17 melanoma metastases demonstrated that multiple
bacteria-derived peptides were presented through HLA-I and HLA-II molecules,
in both antigen-presenting and melanoma cells (36).

Although the same study demonstrates that tumor-colonizing bacteria can invade
melanoma cells and that subsequent bacteria-derived antigen presentation is
possible, this evidence neither implies that intracellular bacteria remain viable
within the host cell nor proves a prokaryote-eukaryote interference that could lead
to melanomagenesis or other deregulations. Among the identified bacteria,
Staphylococcus aureus and Fusobacterium nucleatum (which is one of the most
abundant genera in the melanoma microbiome) (7) associate with pro-
tumorigenic mechanisms (as discussed below).

Furthermore, Bartonella henselae, which has been reported to trigger vascular
tumorigenesis, was identified within melanoma cells and might contribute to
melanomagenesis through several mechanisms involved in pro-angiogenic
signaling (as exposed below) (37,38).

Another study described Mycoplasma hyorhinis invasion and survival within
melanoma cells (39). Mycoplasma infection of a melanoma cell line upregulated
genes involved in metabolism, cell cycle, and apoptosis regulation (40); however,
no conclusive association between intracellular mechanisms and tumorigenesis
has been reported.

3.4.4 Potential involvement of intracellular bacteria in melanomagenesis

Possible intracellular bacteria-induced mechanisms and their role in
melanomagenesis will be discussed. Although these mechanisms have only been
reported in non-melanoma tumors, the possibility of an association between
intracellular bacteria-driven interference and melanomagenesis will be discussed
and hypothesized.

3.441 Chromosomal instability and genotoxicity

Several intracellular bacteria may induce chromosomal instability and
genotoxicity, which could increase predisposition to mutations and create an
environment favorable to malignant cell transformation. Genome instability and
mutations are a hallmark of cancer cells, including melanoma. Chlamydia
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trachomatis promotes chromosomal instability and aneuploidy (10). Moreover,
intracellular Chlamydia trachomatis, Propionibacterium acnes, Shigella, and
Staphylococcus aureus trigger ROS-mediated DNA damage and downregulation
of DNA damage repair mechanisms (5,10,22,41). Specifically, Chlamydia
trachomatis impairs repairing mechanisms (a common feature in melanoma)
through inhibition of the recruitment of DNA damage response proteins (such as
ataxia telangiectasia-mutated gene product or pATM); loss of pATM expression
associates with melanoma progression (42,43).

3.4.4.2 Mutation of driver genes and downstream components of
signaling pathways

Intracellular bacteria could induce mutation of driver genes and downstream
components of signaling pathways.

Proto-oncogene c-Myc overexpression in melanoma promotes cell proliferation,
migration, invasiveness, and aerobic glycolysis (44). Salmonella, through effector
AvrA, which has been suggested to mediate bacterial intracellular survival (18), is
able to activate B-catenin and upregulate c-Myc expression (45).

Interference with the cell-cycle regulation pathway may induce malignant
transformation of melanocytes. In particular, Cyclin D1 has been proposed as a
melanoma oncogene, and its upregulation (which could be stimulated by some
intracellular bacteria) may promote uncontrolled cell proliferation (27). Moreover,
Chlamydia trachomatis persistent infection could upregulate Cyclin E expression,
which may enhance cell proliferation (42); although Cyclin E is overexpressed in
melanoma and might contribute to melanomagenesis, evidence is scarce in
comparison to Cyclin D1 (27,46).

Inactivation of p53 has been described in melanoma (47). An analysis of host
transcriptional responses upon Burkholderia cepacia infection demonstrated the
downregulation of the p53 signaling pathway (48). Although Burkholderia
reportedly invaded and survived within the host cell, a causal link between
intracellular localization and p53 modulation was not evidenced (48). However,
CDKNZ2A mutations have been proposed as the major responsible for p53
inactivation in melanoma.

STATS is involved in the regulation of cell proliferation, apoptosis, angiogenesis,
tumor invasion and metastasis, and the inflammatory response in several tumors,
including melanoma (49). STAT3 activation promotes tumor cell proliferation
through the deregulation of factors implicated in melanomagenesis, such as
upregulation of Cyclin-D1, c-Myc, and anti-apoptotic Bcl-2 members Mcl-1, Bcl-
xL, and Bcl-w (17,27).
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Helicobacter pylori (through intracellular expression of cagA and overproduction
of ROS upon infection) (14), Mycobacterium tuberculosis (17), Propionibacterium
(41), and Salmonella (through bacterial effector protein AvrA) (18) induce
activation of STAT3, which is also crucial for Mycobacterium tuberculosis
intracellular survival (17).

B-catenin is a protein that modulates intracellular signal transduction and
regulates the expression of several target genes involved in cell proliferation,
survival, and migration (49). The role of B-catenin in melanoma development is
controversial (49). Although it has been suggested that it may act as a melanoma
suppressor, accumulation of nuclear B-catenin could activate TCF/LEF
transcription factors and induce the expression of Cyclin D1, MITF, or c-Myc
(among others), all of them implicated in melanomagenesis (27).

Evidence supports that Salmonella, through bacterial effector protein AvrA,
increases [(-catenin signaling (50). No evidence regarding Fusobacterium
nucleatum-driven activation of B-catenin in melanoma was found. However, it can
be speculated if Fusobacterium nucleatum, through FadA (a bacterial adhesin
molecule), could bind to E-cadherin (which is present in melanocytes surface)
(51). This interaction is crucial for bacterial internalization. Moreover, FadA also
modulates E-cadherin, inhibiting its tumor suppression role and promoting the 3-
catenin pathway, which results in the upregulation of TCF/LEF transcription
factors (such as MITF), cyclin D1, Myc, and NF-kB (whose role in
melanomagenesis has been established) (25,26).

The MAPK pathway is a crucial signaling pathway implicated in cell proliferation
and survival. Constitutive MAPK signaling may promote melanomagenesis
through enhanced aberrant proliferation and survival, angiogenesis, and
invasiveness. Specifically, the MAPK/ERK pathway is crucial in melanoma
development (27,49).

Mycobacterium leprae has been proposed to induce ERK1/2 sustained
phosphorylation, a mechanism that could be associated with tumorigenesis,
including melanomagenesis, although this phenomenon was demonstrated in
Schwann cells (52). Activation of pro-survival kinase ERK1/2 was also observed
in neutrophils upon Coxiella burnetii infection (53).

Intracellular Staphylococcus aureus has been reported to deregulate the central
carbon and amino acid metabolism and upregulate the ERK pathway as a
response (54). Similarly, evidence supports that Chlamydia trachomatis infection
activates MAPK/ERK signaling. In fact, in both Chlamydia trachomatis and
Staphylococcus aureus was demonstrated that intracellular bacteria-triggered
production of ROS could contribute to ERK stimulation (22,42,55). Specifically,
following Chlamydia trachomatis-induced DNA damage, senescence-associated
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heterochromatin foci (SAHF), which might lead to persistent cell proliferation, is
upregulated in an ERK-dependent manner (42).

Activation of the PIBK/AKT pathway and subsequent phosphorylation of several
targets to promote cell survival, proliferation, angiogenesis, invasiveness, and
metabolic reprogramming has been reported in melanoma (27,49). Coxiella
burnetii, Mycobacterium tuberculosis, and Shigella (through type Ill secretion
effector IpgD) activate the PI3SK/AKT pathway (5,13,53).

Through cagA (14), Helicobacter pylori may promote SHP2 activation, a pro-
oncogenic tyrosine phosphatase protein encoded by PTPN11, which is crucial in
MAPK/ERK and PI3K/AKT signaling modulation. In this context, PTPN11
expression is reportedly elevated in melanoma samples; consequently, SHP2
may contribute to melanoma development (56).

The NF-kB pathway is involved in the regulation of genes that promote cell
proliferation, inhibition of apoptosis, invasiveness, and metastasis, and modulate
immune and inflammatory responses. Deregulation of NF-kB at different levels
has been described in malignant melanoma; in fact, several pathways that are
altered in melanoma could influence NF-kB signaling (for instance, the PI3K/AKT
pathway) (49).

Obligate intracellular bacteria Chlamydia pneumoniae, Coxiella burnetii, or
Rickettsia rickettsii and facultative intracellular bacteria Fusobacterium nucleatum
and Neisseria gonorrhoeae promote sustained transcription factor NF-kB
activation dependent on intracellular and viable bacteria (13,57,58). Similarly,
Shigella activates the NF-kB signaling pathway to counteract the oxidative stress
triggered upon infection (5). Moreover, following internalization in the host cell
through phagocytosis, Legionella pneumophila is able to assemble the Dot/lcm
IVB secretion system to deliver protein substrates into the cytoplasm; a Dot/lcm-
dependent upregulation of NF-kB has been described, thus leading to an anti-
apoptotic effect (59).

Furthermore, it has been proposed that intracellular Propionibacterium acnes may
also contribute to NF-kB activation (since NF-kB activation was higher in
Propionibacterium acnes-invaded cells) through NOD1 and NOD2 interaction
(NOD1 and NOD2 are members of the intracellular NOD-like receptor family) (60).

The correlation between NF-kB modulation and intracellular Burkholderia cepacia
and Francisella tularensis is unclear. On the one hand, a study reported that NF-
KB was upregulated upon Burkholderia cepacia infection, but it is undetermined
whether this effect is specifically promoted by intracellular bacteria (48). On the
other hand, intracellular toll-like receptors (TLR) could recognize intraphagosomal
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Francisella tularensis and induce NF-kB signaling activation; however, this effect
could also be promoted extracellularly through cell membrane receptors (61).

Through classical NF-kB activation, Helicobacter pylori and Campylobacter jejuni
could trigger the expression of ubiquitin-editing enzyme A20 and suppress host
cell apoptosis (62,63). Recently, the expression of A20 has been found
upregulated in melanoma cell lines, contributing to tumor growth, progression,
invasion, and metastasis (64). Although this mechanism could establish a link
between intracellular bacteria and melanomagenesis, bacterial internalization has
not been assessed.

HIF-1a is also involved in different oncogenic signaling pathways (including the
MAPK/ERK, PI3K/AKT/mTOR, JAK/STAT, NF-kB, Notch, and Wnt/B-catenin
pathways) and metabolic reprogramming, both related to melanomagenesis.
Moreover, HIF-1a is implicated in VEGF production (a mediator of angiogenesis,
a hallmark of cancer cells) (27,65).

Intracellular replication of Bartonella henselae may be responsible for increased
oxygen consumption and cellular hypoxia. The production of HIF-1 (which
regulates the expression of VEGF genes) triggered by Bartonella henselae may
be crucial in VEGF secretion (38). On the one hand, Bartonella henselae induces
the secretion of pro-angiogenic factors (VEGF and interleukin 8) by endothelial
cells. On the other hand, Bartonella henselae promotes the secretion of
chemoattractants for monocytes/macrophages and polymorphonuclear cells,
while also inducing VEGF secretion from these cells (38). As described above,
Bartonella species infection within melanoma cells is associated with increased
pro-angiogenic cytokine expression that might influence melanoma development
(66).

Inhibition of apoptosis is a common outcome following deregulation of several
signaling pathways. In addition to the mechanisms described above, intracellular
bacteria might be able to interfere with other pro-survival and pro-apoptosis
genes or proteins.

For instance, upon Coxiella burnetii infection, pro-survival (A1/Bfl-1 and Bag1)
and pro-apoptosis genes (Bax, Bim, CASP-2, and CASP-6) expression increase
and decrease, respectively; additionally, Coxiella-mediated regulation of Bcl-2
has been reported (13,67). In correlation with melanoma, pro-survival proteins
(Bfl-1, Bag1, and Bcl-2) are found highly expressed in melanoma samples (68,69),
while expression of pro-apoptosis molecules (Bax, Bim) is decreased (70). In
contrast to caspase 2, caspase-6 activation may be involved in melanoma
progression (71); thus, its suppression could inhibit its pro-tumoral effect.
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Similarly, Neisseria gonorrhoeae inhibits apoptosis through upregulation of anti-
apoptosis genes (Bfl-1, c-IAP2, COX-2, and Mcl-1) (72), ERK dephosphorylation,
and NF-kB activation (as stated above) (57). Bfl-1 and COX-2 are highly
expressed in melanoma cells and are involved in melanoma development (68,73).
Mcl-1 also shows an increased expression in melanoma cells and is implicated in
apoptosis inhibition and malignant cell proliferation promotion; however, Mcl-1 is
regulated through the oncogenic activation of BRAF (74). Regarding ERK,
although Neisseria gonorrhoeae induces its dephosphorylation (suppressing the
ERK signaling pathway, involved in melanoma development), ERK inactivation
correlates with a higher melanogenesis activity, which may play a role in
melanomagenesis.

During its intracellular lifestyle, Staphylococcus aureus, through Type Seven
Secretion System effector EsxA, may modulate cell death pathways and,
consequently, inhibit apoptosis (23).

3.4.4.3 Inflammation

Deregulation of inflammation signaling pathways (and associated inflammatory
factors) plays an active role in melanoma development.

Constitutive activation of the inflammasome, a cytoplasmic multimeric protein
complex, induces enzymatic activation of canonical caspase-1 and subsequent
secretion of pro-inflammatory cytokines (such as IL-1B) that may contribute to
melanomagenesis (27). For instance, a study assessing host cell responses
reported that intracellular Fusobacterium nucleatum infection led to NLRP3
inflammasome activation and NF-kB translocation to the nucleus, both increasing
IL-1B secretion (25,58). This NF-kB-mediated response might include a pro-
inflammatory gene signature, which could be associated with apoptosis inhibition,
melanoma growth, and angiogenesis (27).

Cyclooxygenase-2 (COX-2), and subsequent prostaglandin E2 (PGE2) synthesis,
are frequently overexpressed in several tumors (including melanoma); its role in
carcinogenesis has been described. Currently, COX-2 upregulation associates
with  DNA damage, increased cell proliferation, evasion of apoptosis,
invasiveness, metastasis, and a pro-inflammatory environment (73). A study
demonstrated that the COX-2/PGE2 pathway was activated upon
Propionibacterium acnes infection; the authors also reported that bacteria were
located within intracellular vacuoles (41). Although it could be hypothesized that
intracellular Burkholderia cepacia might upregulate COX-2 expression, a causal
association between this outcome and intracellular localization of the bacteria has
not been demonstrated (48).
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Additionally, viable Escherichia coli within human macrophages reportedly
induces COX-2 expression through the MAPK signaling pathway (19). Although
this phenomenon has been reported in non-melanocyte/melanoma cells,
melanoma-related macrophages may be involved in the regulation of the tumor
microenvironment and could contribute to several stages of melanomagenesis
(75). For instance, macrophages infected with Mycobacterium tuberculosis and
Salmonella typhimurium release exosomes that may stimulate the immune and
inflammatory response (76).

3.44.4 Immune response evasion

A study comparing the transcriptional response of dendritic cells against live
intracellular Salmonella enterica demonstrated that intracellular Salmonella
downregulated the antigen presentation sequence (77).

Melanocytes play a crucial role in the skin’s immune response and, among its
functions, are considered non-professional antigen presentation cells (78). As
described above, a study reported the presentation of intracellular bacteria-
derived peptides through HLA molecules in melanoma cells (36). Based on this
evidence, it can be speculated whether intracellular bacteria may contribute to
melanoma development via immunosilencing (a hallmark of cancer cells).

3.4.4.5 Metastasis

Deregulation of signal pathways that promote metastasis may also influence
melanomagenesis.

As noted above, several pathways are implicated in cell migration and metastasis
modulation; for instance, c-Myc and STAT-3 upregulate the expression of EMT
genes, which enhance invasiveness and metastasis. For instance, since
upregulation of EMT master regulator genes is observed during infection,
Mycobacterium leprae might activate an EMT-like process that induces a
mesenchymal stem-like phenotype, increasing its metastasic activity (79).
Similarly, EMT-associated genes are upregulated upon Chlamydia trachomatis
infection; thereby, these intracellular bacteria could trigger the malignant
transformation of cells and promote metastasis (55).

In addition to EMT, melanoma-derived exosomes could reprogram the
metabolism of stromal fibroblasts and promote aerobic glycolysis, thus favoring
the creation of a pre-metastatic microenvironment. In this context, miR-155 is a
microRNA whose presence within melanoma-derived exosomes may be crucial
to its function (80). Mycobacterium tuberculosis and Salmonella typhimurium
infection lead to exosome production and miR-155 upregulation (81); it could be
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hypothesized whether exosomal microRNAs in melanoma are triggered by
intracellular bacteria.

3.4.4.6 Epigenetic modifications

Epigenetic modifications (changes in gene expression that do not involve an
alteration of the DNA sequence) may play a crucial role in melanoma. Intracellular
bacteria reportedly induce epigenetic changes and influence melanoma
development.

For instance, upon Mycobacterium tuberculosis infection, secretion of lipoprotein
LpgH, which may be secreted from viable intracellular mycobacteria (82), induces
CCAAT/enhancer-binding protein beta activation (CEBP) and loss of function of
SWitch/Sucrose NonFermentable (SWI/SNF, a chromatin remodeling complex
with a tumor suppressor role). Both changes inactivate gene encoding the major
histocompatibility complex (MHC) class Il transactivator and could trigger immune
evasion; moreover, CEBP[3 has been reported to induce metastasis through MITF
suppression (76,83).

Legionella and Burkholderia thailandensis may also contribute to
melanomagenesis through epigenetic changes since both promote H3K4
methylation, a key alteration associated with malignant melanoma (27,84,85).

Modification of non-coding RNA may be involved in metabolic reprogramming and
the establishment of a pre-metastatic niche in melanoma (27). As discussed
above, some intracellular bacteria might be able to modulate their expression and
induce oncogenesis.

3.4.4.7 Deregulation of cellular energetics

Several intracellular bacteria may play a role in tumorigenesis through bacteria-
induced host cell metabolic reprogramming since metabolism deregulation is
a recognized hallmark in cancer cells.

The host cell metabolism can not meet the enormous biosynthetic requirements
for successful survival of intracellular bacteria. Several intracellular bacteria rely
on their ability to reprogram the host cell metabolism to a Warburg-like state; that
is, a metabolic bioenergetic shift to aerobic glycolysis (instead of oxidative
phosphorylation), increasing cellular glucose uptake and lactate production.
Subsequently, glycolysis and tricarboxylic acid cycle intermediates are redirected
toward the synthesis of energy sources (fatty acids, lipids, amino acids, and
nucleotides). Moreover, lipid metabolism alteration by intracellular bacteria has
also been reported (86).
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Several mechanisms involved in metabolic reprogramming, which are intimately
bound to tumorigenesis (87), could be induced by intracellular bacteria to ensure
its survival. Altered HIF-1, p53, and PI3K/mTOR signaling are the major
responsible for bacterial-driven host cell metabolism deregulation; as described
above, these changes may also play a role in melanomagenesis.

Bartonella henselae, Chlamydia trachomatis, Mycobacterium tuberculosis, and
Salmonella enterica increase HIF-1 activation (87). HIF-1 upregulates the
expression of genes encoding glucose transporters and enzymes involved in the
glycolytic and pentose-phosphate pathways, leading to increased glucose uptake
and aerobic glycolysis (65).

Brucella abortus, Chlamydia trachomatis, Coxiella burnetii, Francisella tularensis,
Legionella pneumophila, Listeria monocytogenes, Mycobacterium tuberculosis,
Salmonella enterica, and Shigella flexneri may activate the PI3K/AKT pathway.
Brucella abortus, Francisella tularensis, Legionella pneumophila, Listeria
monocytogenes, Mycobacterium tuberculosis, Salmonella enterica, and Shigella
flexneri are also involved in mTOR activation (87).

Activation of the PI3K/AKT pathway and downstream mTOR complex 1
deregulate cell metabolism. Evidence supports its role in promoting membrane
localization of glucose transporter 1 (GLUT 1), glucose uptake, and activation of
enzymes involved in glycolysis and the pentose phosphate pathways while also
increasing lipid and protein biosynthesis (88).

p53 is implicated in the modulation of the Warburg effect, lipid and amino acid
metabolism, and the regulation of other pathways. Intracellular bacteria, such as
Mycobacterium tuberculosis and Salmonella enterica, upregulate p53 expression,
leading to suppression of the Warburg effect and the PISBK/AKT/mTOR pathway
(with a similar outcome). Alternatively, Chlamydia trachomatis and Listeria
monocytogenes downregulate p53 expression, hence stimulating aerobic
glycolysis, in addition to the loss of its tumor-suppressor function (which could
contribute to tumor development) (87).

Myc and MITF activation by Chlamydia trachomatis and Legionella pneumophila,
respectively, may be involved in host cell metabolism rewiring (including aerobic
glycolysis, lipid, and amino acid biosynthesis), thus inducing cancer cell growth
and proliferation (27).

3.44.8 Lateral gene transfer

Lateral gene transfer from intracellular bacteria into eukaryotic host genomes
has been described. A study reported that attenuated intracellular bacteria
(invasive Escherichia coli, Listeria, Salmonella, and Shigella) could deliver
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bacterial DNA in several mammalian (phagocytic and non-phagocytic) cell types
(89). Another study demonstrated DNA transfer by intracellular Coxiella burnetii
and Legionella pneumophila through the Dot/lcm Type IV secretion system (90).

It has been proposed that bacterial DNA integrations may constitute a mechanism
for the disruption of gene function or acquisition and expression of novel genes,
which could suggest a crucial role in carcinogenesis; in fact, evidence supports
that detection of these integrations is more frequent in tumor than in non-tumor
cells (91). However, the hypothesis that bacterial DNA integration into the human
genome may induce tumorigenesis (specifically, melanomagenesis) has not been
demonstrated (91).

3.44.9 Melanin-producing bacteria

Microbial production of melanin has been described; in fact, microbial
melanization might be associated with virulence in several microorganisms (92).

Since melanogenesis may be involved in melanoma pathogenesis, we speculate
whether microbial melanin synthesis within the cell might enhance
melanomagenesis.

Predominantly, two pathways are responsible for microbial melanin synthesis: the
3,4-dihydroxyphenylalanine (DOPA) pathway (through the transformation of
tyrosine by tyrosinase and laccase enzymes, similar to the mammalian melanin
synthesis) or the 1,8-dihydroxynaphthalene (DHN) pathway (through malonyl-
CoA transformation) (92).

Among melanin-producing bacteria, multiple human pathogens such as
Bordetella pertussis/parapertussis, Burkholderia cepacia, Escherichia coli,
Legionella pneumophila, or Mycobacterium species have been identified (such as
Mycobacterium leprae) (93). For instance, melanin produced by Bordetella
parapertussis is involved in its intracellular survival within macrophages (94).

Although these organisms are classified as intracellular bacteria (mainly
facultative, except Mycobacterium leprae, an obligate intracellular bacteria), no
evidence was found regarding melanin production inside the host cell,
interference with melanogenesis in melanocytes, and melanomagenesis.

3.4.4.10 Melanogenesis interference

Melanocytes contribute to the skin’s innate and adaptative immune response.
Since melanocytes are capable of phagocytosis of pathogens, a crucial event in
antigen processing and presentation, a role as non-professional antigen-
presenting cells has been proposed (78). Reportedly, melanin displays
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antimicrobial activity and can physically trap infectious microorganisms, that is,
melanin may be crucial for melanocytes to achieve immunocompetence (95).

Human melanocytes have been shown to express TLR 1, 2, 3, 4, 6, 7, and 9.
Following pathogen recognition, TLRs are involved in the innate immune
response. However, some of them are able to promote (TLR2, TLR4, TLR9) or
inhibit (TLR3, TLRS, TLR7) melanogenesis; particularly, TLR3, TLR7, and TLR9
are endosomal innate immune sensors and are located in endocytic vesicles
(intracellular) (78,96). Although intracellular bacteria recognition by TLR might
lead to a deregulation of melanogenesis and contribute to the process of
melanomagenesis, no evidence was found.

Some bacteria, such as Mycobacterium leprae, have been reported to infect
human melanocytes and deregulate metabolic functions, leading to
hypopigmentation (97). Since melanin plays an active role in melanocyte
immunocompetence, it can be speculated that downregulation of melanin
production might induce immunosilencing. However, an association between
Mycobacterium leprae and melanoma development has not been demonstrated.

As discussed above, several signaling pathways could be altered by intracellular
bacteria. It could be hypothesized that, in addition to the previously described
effect, intracellular bacteria-driven alteration of MITF, NF-kB, p53, and Wnt/3-
catenin could modulate melanogenesis and, therefore, melanomagenesis.
Activation of the MAPK/ERK and PI3K/AKT pathways could be an exception since
some studies report that its upregulation (a common effect of bacteria) might
decrease melanogenesis; nevertheless, it remains unknown how ERK and
PISK/AKT downregulation of melanogenesis would interfere with the rest of pro-
melanomagenesis signaling (29).

Another mechanism that may be associated is ROS production. Its role in
melanogenesis and melanomagenesis has been discussed previously. Evidence
supports that several intracellular bacteria could induce high levels of intracellular
ROS. For instance, intracellular Chlamydia trachomatis, Staphylococcus aureus,
Shigella, and Propionibacterium acnes trigger oxidative stress and promote ROS
production and its subsequent outcomes (5,22,41). However, there is no
conclusive evidence regarding melanomagenesis.

Intracellular bacteria have been reported to hijack mitochondrial dynamics,
which has been related to melanogenesis. For instance, Legionella pneumophila,
Listeria monocytogenes, Mycobacterium tuberculosis, Salmonella enterica, and
Shigella flexneri induce mitochondrial fission, while Chlamydia trachomatis
promotes mitochondrial fusion (98). Although mitochondrial fusion and fission
enhance and inhibit melanogenesis, respectively (and apparently, modulate
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melanomagenesis), the correlation between bacteria-driven mitochondrial
dynamics with melanoma development remains unclear.

4 Conclusions

Intracellular bacteria’s contribution to tumorigenesis is increasingly apparent.
Specifically, the evidence so far has only identified Barfonella henselae,
Fusobacterium nucleatum, Mycoplasma hyorhinis, and Staphylococcus aureus
within melanoma cells, and its role in melanomagenesis remains unclear.
However, it should be taken into account that intracellular bacteria might modulate
tumorigenesis through invasion of not only melanoma cells but tumor-infiltrating
immune cells.

There are several hypothetical mechanisms (deregulation of signaling pathways,
immunosilencing, metabolic reprogramming, lateral gene transfer, or even
melanogenesis interference) through which intracellular bacteria could contribute
to melanoma genesis, progression, and dissemination. However, these
mechanisms have only been reported in other non-melanoma tumors; moreover,
it has been suggested that the changes driven by facultative intracellular bacteria
(such as Fusobacterium nucleatum) may be independent of its internalization.

A casual association between these bacteria and melanoma can not be
established. However, given the higher abundance of some of these bacteria in
malignant melanoma, and the promotion of mechanisms related to melanoma
development, it can be hypothesized that these bacteria might influence this
process at some degree.

The possibility of an intracellular bacteria-driven interference leading to
melanomagenesis would allow a deeper understanding of the complexity of
tumorigenesis and the development of different therapeutic approaches. Further
studies are needed to obtain evidence that could support or rule out this
hypothesis.
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