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The incidence of cutaneous melanoma is rapidly increasing worldwide. Cutaneous
melanoma is an aggressive type of skin cancer, which originates from malignant
transformation of pigment producing melanocytes. The main risk factor for melanoma is
ultraviolet (UV) radiation, and thus it often arises from highly sun-exposed skin areas and is
characterized by a high mutational burden. In addition to melanoma-associated mutations
such as BRAF, NRAS, PTEN and cell cycle regulators, the expansion of melanoma is
affected by the extracellular matrix surrounding the tumor together with immune cells. In
the early phases of the disease, hyaluronan is the major matrix component in cutaneous
melanoma microenvironment. It is a high-molecular weight polysaccharide involved in
several physiological and pathological processes. Hyaluronan is involved in the
inflammatory reactions associated with UV radiation but its role in melanomagenesis is
still unclear. Although abundant hyaluronan surrounds epidermal and dermal cells in
normal skin and benign nevi, its content is further elevated in dysplastic lesions and local
tumors. At this stage hyaluronan matrix may act as a protective barrier against melanoma
progression, or alternatively against immune cell attack. While in advanced melanoma, the
content of hyaluronan decreases due to altered synthesis and degradation, and this
correlates with poor prognosis. This review focuses on hyaluronan matrix in cutaneous
melanoma and how the changes in hyaluronan metabolism affect the progression
of melanoma.

Keywords: melanoma, hyaluronan, skin, UV radiation, tumor microenvironment

INTRODUCTION

Cutaneous melanoma is a skin cancer that develops from melanocytes. Melanocytes reside in the
basal layer of epidermis and synthesize melanin pigment that is transferred in melanosomes to the
surrounding keratinocytes to form a protective shield against the harmful effects of UV. Family
history, genetic factors, number of nevi and actinic damage have been identified as risk factors for
melanoma (1). Solarium is one source for recreational UV exposure, but the impact of moderate
solarium use on melanoma risk is still controversial (2). However, The World Health Organization
has listed solar radiance as a carcinogen already in 2009 (3).

The American Cancer Society estimates that over 106 000 new melanomas will be diagnosed and
over 7000 melanoma-related deaths will occur during this year (2021) (4). In other countries, also in
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northern countries such as Finland, almost 2000 new melanomas
and over 200 melanoma-related deaths occur annually, causing
the incidence of 32.74/100 000 persons (5). Melanoma affects
mostly people with a light skin type (Caucasians) and the
incidence is 27.5/100,000 people compared to the incidence of
1.1/100,000 among people with a dark skin type (6). UV
radiation is the most critical risk factor for melanoma
development due to its high mutagenic properties. The rate of
basal mutations in melanoma (100 mutations/Mb of entire
exome) is higher in comparison to other cancers (7).

Hyaluronan is a glycosaminoglycan found in the extracellular
space of most tissues, but it also forms a pericellular coat
surrounding individual cells. Hyaluronan is involved in many
biological and pathophysiological processes such as tissue
homeostasis and integrity, fertilization, wound healing,
inflammation, angiogenesis, and cancer. Hyaluronan is mainly
produced as a high molecular weight (HMW) chain by
hyaluronan synthases (HAS) and degraded to lower molecular
weight (LMW) fragments or oligosaccharides by hyaluronidases
(HYAL) or environmental factors such as reactive oxygen species
(ROS) or UV radiation. The effects of hyaluronan on immune,
non-malignant and malignant cells are size dependent. HMW
hyaluronan has been shown to be relatively inert, and is more
physiological, while its degradation products are more abundant
during inflammation and angiogenesis, as reviewed in (8-11),
and have been speculated to be biologically active and to
modulate the tumor microenvironment (TME) (12).

The role of hyaluronan in cancers has been studied broadly. In
cancers originating from simple epithelium such as breast and
prostate cancer, the increase of hyaluronan in the tumor and the
stroma indicates aggressive type of cancer and poor prognosis (13-
17). In melanoma and cancers originating from stratified
epithelium, however, poor prognosis is associated with the
reduced amount of hyaluronan. Benign nevi and melanoma in
situ contain abundant amounts of hyaluronan whereas in deep and
metastatic melanomas the hyaluronan content is scarce. This is due
to the reduced expression of HAS1 and 2 and the increased
expression of HYAL2 in melanoma cells (18). The loss of HAS2
has shown to be associated with the poor prognosis and recurrence
of melanoma (19). The role of hyaluronan in melanoma
development and its progression is the focus of this review.

CUTANEOUS MELANOMA

The Structure of Skin and Melanocytes

Skin covers the human body and comprises over 20% of the body
weight. In addition to providing a physical external barrier and
insulation, it is also involved in the process of thermoregulation,
pain sensation and chemical messaging (20). Keratinocytes are
the main cell type in the avascular epidermis. Epidermis also
contains pigment-producing melanocytes, which locate in the
basal cell layer, Merkel cells, which are mechanoreceptors and
Langerhans cells, which are antigen-presenting dendritic cells
(21). The dermal compartment is separated from the epidermis
by the basement membrane, and it contains blood and lymphatic
vessels, nerve endings for mechanoreception, adnexal structures,

and an abundant extracellular matrix (ECM). The ECM is
composed of collagen, elastin, glycoproteins like fibronectin,
proteoglycans like versican and glycosaminoglycans like
hyaluronan, which all are mainly produced by fibroblasts. The
subcutis or hypodermis resides deep in the dermis attaching the
skin to the underlying skeletal muscles. Due to the structure and
organization of the dermis it provides strength and support to
the entire skin (20, 22).

In addition to skin, the neural crest-derived melanocytes can
be found in hair follicles and in the uvea of the eye (23).
Melanocytes produce mainly two types of melanin pigment,
eumelanin and pheomelanin. Eumelanin (brown-black
pigment) is produced during UV exposure to protect the skin
from oxidative (UVA) and direct (UVB) DNA damage.
Pheomelanin (yellow-red) is enriched among individuals with
red hair and pale skin tone, who lack eumelanin synthesis and
are more prone to develop melanoma due to spontaneous
reactive oxygen species (ROS) production (24). The dendritic
nature of melanocytes with their long axial protrusions and large
surface area helps them to transfer melanin granules to adjacent
keratinocytes for photoprotection. Melanocytes also have
immunomodulatory properties in skin (25).

UV exposure causes the activation of two pathways in
melanocytes, namely the immediate tanning pathway by UVA
and the delayed tanning pathway by UVB (Figure 1). The
immediate tanning pathway is non-photoprotective and leads
to immediate and persistent pigment darkening whereas the
delayed tanning pathway is photoprotective via increasing
melanogenesis. In keratinocytes, UVB increases p53-mediated
transcription of POMC (pro-opiomelanocortin) which is post-
translationally processed leading to o-MSH (o-melanocyte
stimulating hormone), ACTH (adrenal corticotropin hormone)
and opioid peptide B-endorphin production. o-MCH is secreted
from keratinocytes to the adjacent melanocytes and, then by
activation of MCIR (melanocortin 1 receptor), it induces MITE-
M (microphtalmia-associated transcription factor isoform M)
transcription and melanosome production. After the maturation
of melanosomes, they are transported into basal cell layer
keratinocytes to form a protective perinuclear cap against
harmful effects of UVR (26). Other mechanisms activated in
melanocytes in response to UV-related damage are unfolded
protein response (UPR) and integrated stress response (ISR).
These mechanisms foster the renewal of homeostasis by
activating factors with antioxidant activity, such as NRF2
(nuclear factor erythroid 2-related factor 2) that tackles the
damaging effects of ROS. Failure in these repair mechanisms
leads to the survival of damaged cells, their adaptation to the
environment and promotion of carcinogenesis (27, 28).

The Classification of Melanoma

Cutaneous melanoma was earlier classified to four major clinical
subtypes: superficially spreading melanoma (SSM), nodular
melanoma (NM), acral lentiginous melanoma (ALM) and lentigo
maligna melanoma (LMM) (29). Interestingly, the World Health
Organization recently published a new classification based on the
evolutionary pathways of each subtype. The new classification
divides melanomas with relation to sun exposure (30). Melanoma

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 811434


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Takabe et al.

Hyaluronan in Melanomagenesis

Immediate tanning pathway UVA (95%)
non-photo protective
- immediate pigment darkening (IPD)

- persistent pigment darkening (PPD)

# Delayed tanning pathway UVB (5%)
photoprotective
4 - increased melanogenesis

FIGURE 1 | UV-induced tanning pathways in melanocytes. UV radiation induces two tanning pathways in melanocytes. The UVA-induced immediate tanning pathway is
non-photoprotective and leads to persistent pigment darkening. The photoprotective tanning pathway is activated firstly in keratinocytes by UVB. In keratinocytes, activated
p53 pathway induces o-MSH production and secretion. Secreted o-MSH leads to MC1 receptor-mediated MITF-M activation in melanocytes and increase in melanogenesis.
Mature melanosomes are transported into keratinocytes to form a protective perinuclear cap against UVR. Hematoxylin eosin staining of skin epidermis, several basal
keratinocytes show accumulated melanin granules (brown color, white arrows) above the cell nuclei.

subtypes associated with cumulative solar damage (CSD) are
superficially spreading melanoma (low-CSD melanoma), lentigo
maligna melanoma (high-CSD melanoma) and desmoplastic
melanoma. Melanoma subtypes that are not consistently
associated with CSD are Spitz melanoma, acral melanoma,
mucosal melanoma, melanoma arising in congenital or blue nevi
and uveal melanoma. Nodular melanoma constitutes the third
group in the new classification (30, 31). Melanomas associated
with CSD are more common among Caucasians while non-CSD
(without cumulative solar damage) melanomas affect more often
the non-Caucasian population (32). High frequency of specific
BRAF mutations and patients’ younger age are characteristic for
non-CSD. CSD melanomas arise in areas with chronic sun exposure
such as face, ears, neckand lower extremities and are associated with
high mutational burden. CSD is usually diagnosed in elder people
(>60 years) associating with solar elastosis and other non-
melanoma skin cancers (31).

SSMs emerge at younger age in comparison to NM or LMM.
Typical manifestation of SSM is a flat, slowly growing, irregular

lesion with multicolor pigmentation. Histologically, SSM presents
with large pleomorphic epithelioid melanocytes showing nested
groups of cells and single cells migrating intra-epidermally and/or
in the superficial dermis. In contrast, typical for NM is a rapidly
expanding nodule that may show ulceration and hemorrhage.
Histologically, NM localize in the dermal component, likely
combined to epidermal extension. LMM usually appears in
chronically sun-exposed areas as a large, multicolor macule with
irregular edges. The histological features include proliferation of
atypical melanocytes, epidermal atrophy with the loss of rete ridges,
severe dermal solar elastosis and dermal thinning. ALM occurs in
the palms, soles and fingernail regions showing slowly growing
macules like in LMM. Histologically ALM shows single atypical
melanocytes scattered along the junctional epidermal layer (33).

Melanoma-Associated Mutations

Melanoma is associated with a broad range of somatic mutations
(34). The basal mutation frequency in melanoma is one of the
highest of all cancer types (100/Mb entire exome) and most of
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them are point mutations of C — T (7). The most common
mutation, found in around 50% of all melanoma cases, is the
BRAF gene mutation, most often the BRAF"*’! where valine is
substituted with a glutamic acid (35). Interestingly, the
BRAF"®"* mutation can also be found in over 80% of benign
nevi (36, 37) and is thought to be the driver mutation for the
formation of acquired nevi (38). Other common mutations
found in melanoma are NRAS (neuroblastoma RAS viral
oncogene homolog), ¢-Kit (35) and CDKN2A (cyclin
dependent kinase inhibitor 2A) the latter of which associates
with familial atypical multiple mole melanoma syndrome
(FAMMM) (39). Pigmentation and melanocyte differentiation
related mutations in MCIR (melanocortin 1 receptor) and MITF
(microphthalmia associated transcription factor) have also been
found in melanoma. MITF regulates melanocyte proliferation,
differentiation, and survival (40) and acts also as an oncogene
regulating the functions of the tumor suppressor p16 and CDK2
(cyclin dependent kinase 2) (41, 42).

Other mutations occurring in melanoma are in genes
encoding CDK4 (cyclin-dependent kinase 4), PTEN
(phosphatase and tensin homolog), BAPI (BRCA1 associated
protein), p53 and those associated with proper telomere function,
such as TERT (telomerase reverse transcriptase) (39, 40, 43). In
UV-related melanoma evolution the primary events depend on
the age of the individual and the biological demeanor of the
oncogenic initiating mutation in the nevi, such as BRAF. Then,
the secondary events such as chronic irritation or irregular high
dose UV exposure of mutation-bearing melanocytes damage the
cell-cycle checkpoint regulatory system (G1/S phase) or
telomerase function and result in even higher mutation burden
and formation of melanoma cells (44, 45).

The aforementioned mutations often lead to the over-
activation of signaling cascades involving MAPK (mitogen-
activated protein kinase) and PI3K (phosphoinositol-3-kinase)
pathways. Interestingly, these pathways activated in melanoma,
act also closely in the regulation of hyaluronan synthesis
(reviewed by Heldin et al. (2019) (46). The MAPK pathway
(RAS/RAF/MEK/ERK) transduces extracellular signals from
growth factors and hormones to proliferative responses,
differentiation, and survival. PI3K(/AKT) signaling pathway is
associated with cellular homeostasis. Loss of tumor suppressor
gene PTEN, which acts as an inhibitor of AKT signaling, further
increases the activation of PI3K signaling. The MAPK and PI3K
pathways overlap in melanoma and therefore some signaling
mediators such as NRAS act through both pathways. This
complicates single-agent therapies since the other pathway can
take over. Therefore, dual targeting is often needed (47, 48).

Melanomagenesis

Melanomagenesis (Figure 2) is a multistep process. Clustering of
melanocytes forms a benign nevus without abnormal characteristics.
These benign nevi can locate either in the epidermis (junctional
nevus), or in dermis (intradermal nevus), or the nevus cell nests can be
accumulated in both the epidermis and dermis (compound nevus).
Melanocytic neoplasms arise from gain-of-function mutations in one
or several primary oncogenes. The neoplastic changes usually occur
as new lesions with dysplastic features in skin areas which have no

previous melanocytic lesions (31). Dysplastic nevi embody cell
hyperplasia, cytologic atypia and enlarged nuclei. They can remain
in this regressed state for a long time or develop into radial growth
phase (RGP) of melanoma. In this state, melanoma is still restricted to
the epidermis by basement membrane and surgical excision is the
preferred treatment of choice. The prognosis is good and the ten-year
survival rate is over 90% (20, 49). When melanoma progresses from
this step to the vertical growth phase (VGP) where melanoma cells
invade through the basement membrane into dermis and are capable
of metastasizing (locally or distantly), it has become the most
aggressive type of skin cancer. At this point, the prognosis is
inversely comparative to the depth of the neoplasm and the extent
of lymph node metastases (50). The ten-year survival rates in stage III
(lymph node positive) and deep (>4 mm) melanomas’ have
improved during recent years due to novel therapies, but the
prognosis largely depends on the sex and age of the patient, the
anatomical location of the tumor, and the stage of melanoma at the
time of diagnosis (51).

Factors Affecting Melanomagenesis

One important function of UV is the induction of vitamin D
precursor synthesis in the skin. For this purpose, the UV
requirement is achieved already with the suberythematogenic
doses (52). It has been estimated that 65% of all melanomas are
caused by UV radiation. Excessive sun exposure during childhood is
an important risk factor, but sunburns at any age increase the risk,
as well as occupational exposure to UV for people who work
outdoors (45). Acute UV exposure increases skin inflammation
and DNA damages whereas chronic exposure induces immune cell
infiltration and immune suppression leading eventually to
malignant changes in melanocytes (26, 53). Within hours after
UV exposure repair mechanisms start repairing the oxidative DNA
damages (DNA single-strand breaks and DNA-protein crosslinks),
and later on the cyclobutane pyrimidine dimers (CPDs). The CPDs
are termed as UV signature mutations which induce C — T and CC
— TT transitions mostly in the tumor suppressor p53 coding
sequence (54). Reactive oxygen species (ROS) such as singlet
oxygen, superoxide anion and hydrogen peroxide generated by
chromophores, which absorb UVA- and UVB-photons, can also
induce damages on nucleic acids, lipids or proteins (55). In addition
to the DNA repair mechanisms, UV-induced damages launch
multiple other repair mechanisms, such as secretion of paracrine
factors (e.g. cytokines, chemokines and growth factors) by skin cells,
activation of cellular protection mechanisms (e.g. cell-cycle
checkpoints) and activation of cell death pathways and immune
responses in damaged cells. At the cellular level, the most important
function is the activation of tumor suppressor responses of p53 and
p16 signaling pathways (45).

HYALURONAN

Hyaluronan and Its Synthesis

Hyaluronan is a peculiar polysaccharide with broad functions.
Hyaluronan is involved in many physiological processes such as
embryogenesis (56), wound healing (57), ECM organization (58—
60), lubricant in the articular cartilage and synovial fluid (61, 62),
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FIGURE 2 | A schematic presentation of the histopathogenesis of the melanocytic tumors. In normal skin, melanocytes are scattered along the basal cell layer. Melanocytes

accumulation leads to the formation of benign nevi that can reside in the epidermis (junctional nevus), in the dermis (intradermal nevus) or nevus cells can be assembled in both
(compound nevus). In dysplastic nevus melanocytes exhibit cell hyperplasia and show cytological and architectural atypia. Moreover, lymphocyte infiltration around the nevus is
typical in dysplastic nevi. In the radial growth phase (RGP) melanoma is still restricted to the epidermis by basement membrane and associates with high lymphocyte infiltration.

When melanoma cells start to invade through the basement membrane into the dermis, melanoma has reached the vertical growth phase (VGP). In this stage the melanoma
cells are capable of metastasizing via blood and lymphatic capillaries to local lymph nodes and distant organs.

mammary gland morphogenesis (63) etc. Hyaluronan,
composed of cytosolic UDP-N-acetylglucosamine (UDP-
GlcNAc) and UDP-glucuronic acid (UDP-GIcUA) precursors,
is produced as a linear chain at the plasma membrane by
hyaluronan synthases (HAS1-3), which are glycosyltransferases
(64, 65). Hyaluronan synthesis by HASes can start de novo as the

synthases do not need a precursor for the initiation. They use
self-primer UDP-GIcNAc and add the two sugar substrates by
turns to the reducing end of the growing chain (64). HASes are
membrane-spanning enzymes that hold the catalytic site at the
inner side of the plasma membrane and synthesized hyaluronan
is protruded through a pore-like structure to the cell surface
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(64, 66). It is suggested that HASes can synthesize hyaluronan
also intracellularly (67, 68), but the general perception is that
HASes are functional and synthesize hyaluronan only at the
plasma membrane (69). In normal physiology hyaluronan is
produced as HMW size and can be up to 40,000 sugars long (8
MDa) (64). Extracellular and pericellular hyaluronan can be
internalized via receptor-mediated (like CD44-mediated
endocytosis) endocytosis for hyaluronan turnover and
catabolism (70). Hyaluronan is degraded to LMW form either
on the plasma membrane or in lysosomes by hyaluronidases
(HYALSs) (71), ROS (72) or UV (73). Albeit the mechanism of
UV-induced hyaluronan degradation is less known. Moreover,
TMEM2 (transmembrane protein 2) and HYBID (hyaluronan
binding protein involved in hyaluronan depolymerization, also
known as CEMIP or KIIAA1199) are also able to depolymerize
hyaluronan (74, 75). TMEM2 degrades extracellular hyaluronan
in a Ca®" -dependent manner into intermediate-sized fragments
which are thereafter internalized and completely degraded in the
lysosomes (76). The HA degradation products, LMW
hyaluronan, hyaluronan fragments (<250 kDa) and
oligosaccharides (<20 kDa) are involved in inflammation (77,
78), wound healing (79) angiogenesis (80, 81) and in general they
associate with pathological conditions, such as asthma and lung
infections including coronavirus disease (82, 83) and cancer (84).

The enzymatic activity of the synthases also affects the
molecular weight of the produced hyaluronan. It has been
proposed that HAS1 and HAS2 synthesize higher molecular
weight hyaluronan compared to HAS3 (85). However, recent
studies have pointed out that HASes could be able to control the
hyaluronan product size and the synthesis rate in vivo by
separate enzyme submechanisms. This was shown in targeted
mutation studies to B-X,-B motifs in Streptococcus eguisimilis

HAS, which indicated that the different regions in the HAS
enzyme are involved in hyaluronan size control as well as its
enzymatic activity (86).

Hyaluronan in Cancer

Understanding of hyaluronan in the inflammatory diseases and
cancer is growing. Depending on which tissue type the cancer
originates from, the increased/decreased content of hyaluronan
in the tumor or stromal cells correlates with tumor aggressivity,
poor prognosis, and recurrence of the cancer. Breast cancer,
which originates from simple type of epithelium that contains
low levels of hyaluronan in the normal state, shows increased
hyaluronan content in the tumor cells and in the stroma, and the
amount of hyaluronan associates with aggressive type of breast
cancer and poor overall survival (14, 17). The trend is similar in
other cancers originating from simple epithelia. Increased
content of hyaluronan in the stroma of ovarian cancer (87, 88),
prostate cancer (15, 16, 89) and pancreatic cancers (90) indicates
poor prognosis. Similar findings have been demonstrated in
gastric cancer parenchyma (91) and in tumor cells (92) and
tumor interstitial fluid of colorectal cancer (93).

In cutaneous melanoma, hyaluronan metabolism is different
compared to cancers originating from simple epithelia. The
hyaluronan content varies depending on the stage of the tumor
(Figure 3). Cultured skin melanocytes contain high amount of
pericellular hyaluronan (94) similarly to the cells in the benign
nevi (18). Moreover, the stroma between the melanocytic nests in
the benign nevi shows intense staining for hyaluronan. In
dysplastic nevus, where melanocytic cells show cytological and
architectural atypia, the content of hyaluronan is elevated to local
melanomas (melanoma in situ), where tumor cells show intense
membraneous and cytoplasmic staining for hyaluronan.

b

melanomas (Breslow > 4 mm). Scale bar 100 pym, 40 pm in insert.

FIGURE 3 | The amount of hyaluronan in different stages of melanoma. In normal skin, both epidermis and dermis are highly hyaluronan positive, also melanocytes
in the benign nevi show moderate or intense hyaluronan staining. The amount of hyaluronan increases in dysplastic nevi and in local tumors (white arrows) probably
as part of the inflammatory reaction with elevated number of tumor infiltrating lymphocytes (TILs). In invasive melanoma, the amount of hyaluronan is decreased in
tumor tissue but the stroma is strongly hyaluronan positive (black arrows). The hyaluronan staining pattern is similar in lymph node metastases and in deep
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When melanoma progresses and tumor cells start to invade
vertically, tumoral hyaluronan content decreases (melanoma,
Breslow < Imm) while the stroma remains hyaluronan positive
(18). Especially in nodular type of tumors the stroma shows
intensive staining for hyaluronan (melanoma, Breslow > 4mm,
insert). Hyaluronan staining pattern in lymph node metastases is
similar to deep melanomas. The reduction of hyaluronan in the
tumor tissue has been shown to be due to the loss of HAS1 and
HAS2, and increased HYAL2, and this associated with poor
prognosis and shortened disease-specific survival in melanoma
(19, 95).

The Effects of UVB on

Hyaluronan Metabolism

Mouse studies have shown that chronic UV exposure with
minimal erythemal dose induces the accumulation of
hyaluronan in the epidermis, which correlates with epidermal
hyperplasia (96). In organotypic keratinocyte cultures, UV-
exposure was shown to increase hyaluronan metabolism by
upregulating the expression of both HASes and HYALs
simultaneously and by shifting the molecular weight of
hyaluronan towards smaller size range (97). Studies with
keratinocytes and dermal fibroblasts have shown different
temporal expression patterns of HASes and HYALSs after UVB-
exposure (98). Immediate responses after UVB-exposure showed
decrease in hyaluronan secretion in both cell types whereas 24
hours later keratinocytes showed increased hyaluronan synthesis
while in dermal fibroblasts hyaluronan synthesis was still
downmodulated. 24 hours after UVB-exposure the expression
of HASI and HAS2 was upregulated in both cell types, and in
addition the expression of HYALI and -2 was elevated in dermal
fibroblasts indicating increased hyaluronan degradation after
UVB exposure (98). The similar mechanism was also detected
in photoexposed human skin, where LMW hyaluronan content
was increased due to upregulated expression of HYALs
compared to photoprotected skin (99). In addition to increased
HYAL activity after UV exposure, UV induces oxidative stress
via ROS production (100), which can further induce hyaluronan
fragmentation (72, 101). Hyaluronan is able to scavenge toxic
ROS (102, 103), or inhibit their formation, but at the same time
hyaluronan is fragmented (103). Albeit it is not yet known how
ROS-induced hyaluronan degradation and generation of LMW
hyaluronan followed by inflammation in skin contributes to
melanoma development in melanocytes, the research is
supporting the idea that hyaluronan has a role in melanoma
development and especially affecting the TME in melanoma (18,
19, 94, 104).

Hyaluronan in Inflammatory Reactions

As mentioned earlier, UV radiation induces various biological
effects in the skin such as DNA damage, pigmentation and
inflammation. Excessive exposure to UVB causes sunburn
reaction together with inflammation. Several cell types, such as
keratinocytes, fibroblasts, Langerhans cells, melanocytes and
macrophages, participate in these inflammatory reactions by
secreting inflammatory mediators and reshaping the tissue

structure. During inflammation, the amount of hyaluronan is
elevated (105, 106), and especially the LMW hyaluronan and
hyaluronan fragments are associated with inflammation (107).
They can activate intracellular signaling cascades and induce
cytokine and chemokine production via receptor activation.
LMW hyaluronan, for example, has shown to induce the
production of IL-6, IL-8, CXCL1, CXCL2 and CXCL6 in
dermal fibroblasts (108). Key receptors for LMW hyaluronan
include CD44 (cluster of differentiation 44), RHAMM (receptor
for hyaluronan-mediated motility), TLR2 (Toll-like receptor)
and TLR4 (109). TLR4 activation leads to NF-kB-mediated
signaling and production of inflammatory cytokines and
chemokines such as IL-6, IL-8, CXCL-1 and CXCL-10 in
melanocytes (94) and IL-8 and MMP-2 secretion in melanoma
cells (110). Hyaluronan fragments of 4-16 oligosaccharides, in
turn, have shown to induce the maturation of dendritic cells by
autocrine production of TNF-a (81), and dendritic cell-
associated hyaluronan appears to contribute to the antigen-
specific activation of T-cells (111). We have recently shown in
primary melanocytes that UVB-exposure mediated hyaluronan
coat degradation promoted the expression of proinflammatory
cytokines IL-6 and chemokines (IL-8, CXCL1, CXCL10) via
TLR4 (94). Interestingly, in this model, the expression of
proinflammatory cytokines and chemokines were suppressed
by HAS2 silencing, suggesting that HAS2 expression and
hyaluronan fragments support the formation of pro-
inflammatory state. In contrast, HMW hyaluronan (970 kDa)
has been shown to protect epidermal keratinocytes against UVB-
mediated TGF-B, IL-6 and IL-8 production (112). It is
hypothesized that HMW hyaluronan has a protective role in
skin against UV radiation and the fragmentation of hyaluronan
acts as a damage-associated molecular pattern (DAMP) (113).
The effects of hyaluronan on immune, non-malignant and
malignant cells are size-dependent. HMW hyaluronan has been
shown to be relatively inert, whereas its degradation products have
been speculated to be biologically active and modulate the TME
towards pro- or anti-inflammatory states depending on the tumor
stage. Hyaluronan and its fragments are thought to regulate
macrophage polarization, although the exact mechanisms are
still unresolved (114). Macrophages have an essential role in
orchestrating the inflammatory responses and they are also a
key component of TME in all stages of melanoma development
(115, 116). In the TME, tumor associated macrophages (TAMs)
are very plastic and are composed of several distinct populations
that share features of both pro-inflammatory (M1) and
immunosuppressive (M2) macrophages (117). Intermediate-size
hyaluronan (50-1000 kDa) fragments have shown to activate
monocyte polarization to immunosuppressive M2-type
macrophages via the activation of TLR4 (118), but there are also
contrasting studies showing that hyaluronan fragments induce M1
polarization of macrophages via TLR4 (119). In addition, TLR4
signaling pathway is responsible for inflammatory gene expression
induced by hyaluronan fragments in several other cell types like
dendritic cells, melanocytes and tumor cells (81, 94, 110, 119, 120).
In TME, enhanced hyaluronan production by stromal
fibroblasts (104, 121) combined to increased hyaluronidase
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activity from melanoma cells could produce broad pool of
different types of hyaluronan fragments and oligosaccharides
that maintain the inflammatory milieu. This is also supported
by a study from Sapudom et al. (2020) where hyaluronidase added
to decellularized fibroblast matrix, 3D fibroblast matrix and
hyaluronan-functionalized 3D collagen matrix increased
melanoma cell proliferation and invasion due to lower
hyaluronan molecular size (122). It has also been shown that
LMW hyaluronan promotes melanoma lymph node metastasis
(123), soluble LMW hyaluronan contributes to melanoma cell
proliferation (124), and shorter hyaluronan fragments induce
TLR4-mediated signaling in melanoma and promote
inflammation as well as invasiveness (110). Interestingly, in
naked mole rats HAS2 produces exceptionally high molecular
weight hyaluronan that is able to avoid fragmentation (125). These
animals display longevity and are cancer-resistant, but when
HAS2 is knocked down or HYAL2 is overexpressed the naked
mole rat cells became prone to malignant transformation (125).
Current understanding suggests that hyaluronan fragments
modify the adaptive immune responsiveness and shape the
microenvironment (113). The formation of cancer inflammatory
milieu recruits immune cells to the TME to shape it suitable for
tumor progression. TLR4 has shown to be overexpressed in
melanoma tumors and associate to decreased survival (126),
which links hyaluronan and TLR4 in melanomagenesis. TLRs
respond to acute inflammatory signals either from microbial
sources (PAMPs, pathogen-associated molecular patterns) or self-
derived stress signals (DAMPs), the role that also hyaluronan has
been proposed to play. The activation of TLR signaling leads to NF-
«B, AP-1 and/or IRF-3 mediated inflammatory response in healthy
skin and in primary melanocytes and eventually skin carcinogenesis
(94, 127). This suggests a role for hyaluronan metabolism, especially
for UV-induced hyaluronan fragmentation via TLR4-mediated
inflammation, in melanocyte transformation process towards
cutaneous melanoma. Future research should aim at clarifying
whether chronic UV-exposure together with hyaluronan
fragmentation could mediate sustained inflammatory responses
initiating cutaneous melanoma development. Even though
hyaluronan can modulate immune responses, it may also act as a
protective barrier in the TME and thus prevent immune cells to
reach and recognize the tumor cells (128). And in this way
hyaluronan may also promote the immune evasion of tumor cells.

MELANOMA TUMOR
MICROENVIRONMENT

Composition of Different Cell Types in the
Tumor Microenvironment

TME is inherently diverse surroundings consisting of not only
the tumor and stromal cells but also immune cells, blood vessels
and the ECM, which all affect the tumor progression.
Considering the complexity of the TME, cancer therapies
cannot focus only on the tumor cells (129, 130). Melanoma is
one of the most immunogenic cancers and immune cells have a

significant role in all stages of tumor progression, from the
initiation to the metastatic processes and thus these cells are
the main target of modern anti-melanoma therapy. Transformed
melanocytic cells start to express tumor-specific antigens (TSA),
which induce the infiltration of dendritic cells, which later
activate the cells of innate and adaptive immunity. Dendritic
cell maturation is needed to actuate the T-cell mediated anti-
tumor response and natural killer cell activation (131).
Lymphocytes infiltrate the tumor environment in response to
chronic inflammation. These so-called tumor-infiltrating
lymphocytes (TILs) appear to be a positive indicator for
melanoma prognosis (132, 133). TILs are a heterogeneous
population of lymphatic cells such as T-cells, natural killer cells
and myeloid-derived suppressor cells (134). The presence of TILs
promotes immune responses against tumor cells and can be
thought as a predictive biomarker in melanoma. Computational
meta-analysis of melanoma tumors indicated a favorable
prognostic role for CD3+, CD4+, CD8+, FOXP3+ and CD20+
positive TILs in the overall survival when the amount of TILs in
the tumor was high (135). A study by Erdag et al. (2012)
categorized tumor microenvironments of metastatic melanoma
into three immunotype subgroups A, B and C based on the
number and localization of TILs (T-cells, B-cells, natural killer
cells), mature dendritic cells and macrophages. The immunotype
A had no immune cell infiltration and the median estimate of
survival in this group was only 15 months. The immunotype B
had infiltration of immune cells to regions proximal to
intratumoral blood vessels with the median estimate of survival
was 23 months. The last immunotype C had immune cell
infiltration throughout the metastatic tumor with a median
estimate of survival of 130 months (136). Although the
number of TILs in melanoma as a prognostic biomarker,
especially in the VGP, was established a long time ago (137), it
is still a valid diagnostic predictor estimating patients’ survival.

In contrast to TILs, tumor-associated macrophages (TAMs)
can promote the dissemination of cancer cells and expansion of
the tumor depending on their type. The categorization of TAMs
is not unambiguous. Traditionally, TAMs are categorized as
classically activated macrophages (M1) that secrete pro-
inflammatory cytokines and have anti-tumor effects, and
alternatively activated macrophages (M2) that produce anti-
inflammatory cytokines and have protumor effects (138). As
already mentioned earlier, in the TME, TAMs are composed of
several distinct populations that share features of both pro-
inflammatory and immunosuppressive macrophages and these
cells induce and maintain pro-tumor inflammation, which
promotes tumor growth, invasion, angiogenesis, stemness and
immune suppression (139, 140). The precise mechanisms
underlying TAM-mediated immune suppression in TME are
still unknown but at least partly relate to their ability to inhibit
cytotoxic activity of CD8" T cells via PD-1 (programmed cell
death protein) (141). PD-1 is an immune checkpoint receptor
that prevents overstimulation of immune responses upon
engagement to its ligand, PD-L1 (142). In several cancers,
including melanoma, the expression of PD-L1 is considered as
a marker for immunosuppressive TME (143). During tumor
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progression, TAMs start to overexpress PD-L1, like tumor cells,
and thus are able to downmodulate the function of CD8+
lymphocytes and facilitate the immune evasion of tumor cells
(144). Moreover, it has been shown in vitro that alternatively
activated macrophages can suppress T-cell function by
producing regulatory cytokines, such as TGFP and IL-10,
hence repress T-cell proliferation (145) and recruit regulatory
T-cells to the immune suppressed TME, which further
contributes to tumor progression (138).

Salmi et al. (2019) reported that the number of TAMs is higher
in malignant melanocytic lesions compared to benign nevi and
TAMs are localized especially in the tumor nests in deep
melanomas. They also reported that the dysplastic nevi have
higher number of CD163+ macrophages (M2 type
macrophages) compared to benign nevi, which could predict
immunosuppression and progression of melanoma (146). It is
also known that these benign and dysplastic nevi as well as
melanoma in situ express hyaluronan abundantly (18), but its
role for macrophage polarization is still unknown. It has been
shown that HMW hyaluronan suppresses M1 macrophage
polarization and promotes the immunosuppressive activation in
induced pulmonary inflammation (147). Kim et al. (2019) also
showed in vitro that hyaluronan in the ECM induces M2-type
polarization of THP-1 cells (148). The similar mechanism could
also be involved in the formation of immunosuppressive
microenvironment in melanoma, where increased hyaluronan
synthesis at the early stage of melanoma could polarize
macrophages toward immunosuppressive phenotype. Although
it is generally thought that M2 type TAMs have protumor effects
in the TME, the pro-inflammatory macrophages have also shown
to secrete several protumor factors, like TNFo and IL1J, and are
able to modify the TME suitable for cancer progression (149-151).

In addition to several immune related cells, TME contains
fibroblasts which are mainly responsible for the production of
complex extracellular matrix, which either suppresses or
supports the tumor progression. In the early stages, in pro-
inflammatory tumors, factors like IL-6, TNFa, PDGF and ROS
secreted from tumor and immune cells can activate the stromal
fibroblasts. Once activated these contractile and highly elongated
cancer associated fibroblasts (CAFs) produce several cytokines
and chemokines, synthesize and degrade matrix components and
generate tensile forces, which all are needed for tissue remodeling
for tumor cell growth and spreading (152).

Extracellular Matrix in Melanoma

The tumor ECM is a mixed territory of different types of
proteins, glycoproteins, proteoglycans and glycosaminoglycans,
which all have specific physiological and biochemical properties
(153). The composition of ECM maintains the three-
dimensional structure that keeps up tissue homeostasis,
undergoes continuous remodeling and contains over 100
different proteins and bioactive molecules like growth factors,
cytokines and extracellular vesicles (EVs) produced jointly by
stromal cells and tumor cells (154). A typical ECM matrix in
melanoma includes fibrillar and structural proteins, such as
collagen types of I, III, VII, XV, XVIII, laminin 7, tenascin-C,

fibronectin and hydrated gel-forming macromolecules like
hyaluronan and proteoglycans, as well as integrins, which carry
out the adhesive signaling (155). Excess of these ECM
components, such as collagen and fibronectin, increase tissue
fibrosis and hence matrix stiffness, which affects the metastatic
potential of tumor cells and invasiveness (156). Li et al. (2019)
showed in melanoma cells that increased matrix stiffness
enhanced the metastatic potential of naturally less-metastatic
melanoma cells. Their metastatic potential was comparable to
melanoma cells with high metastatic potential in stiffer matrix.
This indicates that the tumor-surrounding matrix has a high
impact on oncogenesis and changes in the matrix might have
greater effect on the metastatic process than tumor cells (157).

A rapidly growing cell mass causes dysfunctional tumor
vasculature leading to hypoxic environment and low oxygen
levels. Hypoxia can lead to specific changes in signaling
pathways, such as ERK hyperactivation leading to increased
invasiveness, angiogenesis, EMT changes, radiotherapy
resistance, changes in the ECM composition, which all
promote tumor progression. HIF (hypoxia-inducible factor) 1
and 2 are regulators of hypoxia-mediated responses in over 300
target genes. Hypoxic TME correlates with aggressive cancer
phenotype associated with increased tumor plasticity and may
induce cancer stem-like cells (158-160). The high metabolic
activity of melanoma cells causes the production of acidic
molecules to the TME, which affects the ECM composition.
Acidification of the TME influences the tumor cell invasiveness,
increases expression of EMT-related proteins and causes a
selection of acid-resistant cells that show greater metastatic
potential. Acidic TME also affects anticancer therapies and the
absorption of mildly alkaline chemotherapeutics leading to
melanoma cells drug resistance (159).

The composition of the ECM changes during tumor
development. Many ECM molecules are expressed at low levels
in benign nevi whereas their levels increase in metastatic
melanoma, as shown with tenascin-C, fibronectin and different
epitopes of heparan sulfate. Other glycosaminoglycans such as
chondroitin sulfate and hyaluronan are highly expressed in the
benign nevi and also abundant in melanomas either in the tumor
nests or in the stroma (18, 161, 162). Recently, Mayorca-Guiliani
et al. (2017) developed an ISDoT (in situ decellularization of
tissues) technique where they could study the native tumor ECM
in a mouse model. They could identify more than 200 ECM
proteins as well as many secreted factors such as MMPs, versican
and members of the S100 protein family from the decellularized
tumor tissues, showing tumor-specific changes in the ECM
composition in comparison to healthy tissue (163).

Phenotype switch is an important regulator between
proliferative and invasive states of melanoma cells. Melanoma
cells do not undergo normal EMT changes, however they utilize
EMT and MET (mesenchymal-to-epithelial transition) states
that are mediated by adhesion molecules such as Cadherin-11,
Connexis, integrins, N-cadherin and MCAM (CD146) which all
are indicators of progressed melanoma (164). Melanoma cell
phenotype switch can also alter MITF expression, which in
melanocytes regulates pigmentation. High MITF expression
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sensitizes melanoma cells to BRAF and MEK inhibitors whereas
the cells are more proliferative. However, low MITF expression
increases drug resistance and induces invasive phenotype. Low
expression or loss of MITF was also shown to increase
glycosaminoglycan metabolism, ECM organization and
structural organization in melanoma cells. Also, loss of MITF
increased stem cell marker SOX2 that is important in melanoma
cell self-renewal. Thereby, the level of MITF alters melanoma
phenotype switch as well as matrix composition and interactions
(164, 165).

Ubiquitous hyaluronan in the ECM provides the cells a suitable
environment to migrate, divide, change their shape and adhere
due to its viscous hygroscopic nature. In addition, hyaluronan
facilitates signaling from the environment, but at the same time
also orchestrates many unwanted functions in the ECM by
permitting the cancer cells do the same (66, 166). Even though
the role of hyaluronan is broadly studied in the context of
melanoma cells in vitro, its function in primary melanocytes and
early melanoma development is uncertain. Neither is known how
the basal level of hyaluronan differs in different skin types or the
alteration of hyaluronan in photoprotected areas versus
photoexposed areas, as UV exposure has been shown to increase
the hyaluronan content in epidermis (99). It is thought that
hyaluronan in the ECM could act as a protective matrix and
hinder the inflammatory reaction produced by ROS (10). The
thicker hyaluronan content in the skin could shield from the
harmful effects of UV, reduce the inflammatory reaction following
it, and therefore protect the skin cells against carcinogenesis.
When hyaluronan degradation was combined to UV-exposure
in primary melanocytes, the inflammatory reaction following it
was highly enhanced (94). This could indicate that thicker
hyaluronan coat around the cells and in the ECM could
moderate the inflammatory reaction following UV exposure.
UV-induced conditions also associate with hyaluronan
degradation, which further enhances the inflammation. The
direct mechanism of hyaluronan fragmentation by UV is still
unknown, but the activation of HYAL and/or ROS directly, by
ROS-activated HYAL or direct fragmentation by UV have been
suggested. Inflammation following UV exposure is also an acute
defense mechanism to protect and dispose damaged cells (167),
but in a chronic state it can lead to carcinogenesis.

Melanoma-Stroma Interaction

It is well known that the interaction between cancer cells and
stroma is needed for tumor progression and metastasis. Already in
1889 Paget’s theory of “seed and soil” emerged (168). Since that,
different studies on melanoma-tumor stroma have emerged and
nowadays is well acknowledged that the surrounding tumor
stroma is equally important as the tumor itself. Our results
(2012) as well as others have shown that melanoma cell-secreted
factors (PDGF) induce stromal fibroblasts to produce hyaluronan
by upregulating HAS2 via PDGFR-PI3K-AKT and p38 MAPK
signaling (104, 121). In this study, PDGF -induced HAS2
upregulation associated with activated phenotype of fibroblasts
with elongated morphology, upregulation of proteolytic enzyme
MMP1, MMP9 and MT1-MMP expressions and increased
invasion into the matrix, suggesting that HAS2 is essential in

activating the fibroblasts in the tumor stroma (104). The activated
fibroblasts, so called cancer associated fibroblasts (CAFs), facilitate
melanoma cell invasion by modifying the ECM suitable for tumor
invasion (169). These in vitro results are in line with the patient
data where Siiskonen et al. (2013) showed that hyaluronan
staining in invasive and metastatic melanoma stroma is intense
in comparison to almost negative tumor staining. They also
showed that HYAL2 staining is elevated in invasive and
metastatic melanoma samples, which could indicate that
hyaluronan catabolism and thus the degradation of hyaluronan
is increased in melanoma cells (18) (Figure 4). Increased
hyaluronidase activity in melanoma cells has also been shown to
induce angiogenesis (170) and cutaneous wound healing (171)
likely attributed to hyaluronan fragments. As it has been shown
that tumor cells secrete higher amounts of extracellular vesicles
(exosomes, microvesicles) compared to non-transformed cells
(172), their role in tumor-stroma interaction is essential.
Recently Arasu et al. (2020) published a study where they
reported that HAS3-induced hyaluronan coated extracellular
vesicles (EV’s) from melanoma cells induced EMT changes and
increased proliferation of target cells, keratinocytes, similarly as
CAF -derived hyaluronan has shown to promote melanoma cell
proliferation (121, 173). In Arasu’s study they hypothesized that
hyaluronan coated EV’s may form a positive feedback regulation
which induces the tumorigenic potential of the target cells in the
surroundings (173). This EV-mediated target cell activation has
also been shown to be bidirectional. Cancer associated fibroblasts’
(CAFs) exosome secretion was enhanced by melanoma cell-
secreted exosomal miRNA. These CAF-derived exosomes
promoted melanoma progression and metastasis (174). In
addition, EV’s can carry matrix-remodeling proteins, such as
MMPs, TIMPs, ADAMTSs, hyaluronidases, heparanases, whose
proteolytic activity can modify the composition of the ECM
suitable for tumor progression (175).

Therapeutic Approaches in Melanoma

The therapeutic approaches in melanoma depend on the prognostic
stage of the disease. The 8" American Joint Committee on Cancer
staging and classification system (AJCC8) is the recommended
standard for melanoma staging (176). The standard of care for local
orlocally advanced melanoma (AJCC8 stage I-I1I) is radical surgical
excision with either sentinel lymph node biopsy or regional lymph
node evacuation depending on the clinical preoperative lymph node
status (176-179). Although surgical removal of oligometastases
might be an option for selected patients with stage IV melanomas,
the backbone of the treatment of metastatic melanoma is systemic
oncological therapy with immunomodulating agents (immune
check point inhibitors, ICIs) and/or BRAF-signaling route-
targeted therapy. During recent years, these agents have also been
available for the adjuvant treatment of high-risk stage IIIB-D and IV
diseases, where the 5-year melanoma-specific survival is 85% or less
(176, 180-185).

Considering the high immunogenicity of melanoma it is not
surprising that the therapeutic options targeting the immune
cell-TME signaling have turned out effective. Immune
checkpoint inhibitors (nivolumab or pembrolizumab, PD-1
antibodies) enhance the anti-tumor immune response by
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FIGURE 4 | Melanoma-stroma-ECM in superficial and deep melanomas. Superficial melanomas (in situ melanoma) have high tumoral hyaluronan content and the
stroma contains also abundantly hyaluronan, which is produced by cancer associated fibroblasts. In addition to hyaluronan, melanoma stroma contains other ECM
components such as type | collagen, fibronectin and versican. This hyaluronan-rich pericellular matrix surrounding the melanoma cells may mask the tumor cells from
immune cell recognition. In deep melanomas (i.e. invasive melanomas), the tumoral hyaluronan content is decreased but stroma is still hyaluronan positive. The hyaluronan
and hyaluronan fragment -rich matrix in the tumor stroma may, in tum, facilitate the invasion and metastasis of melanoma cells. In the TME, soluble growth factors (e.g.

PDGF), cytokines (e.g. TNFo) and extracellular vesicles, produced by both tumor and stromal cells regulate the expression of HAS2, HYAL2 and MMPs.

blocking the signaling via suppressive immune checkpoint
molecules PD-1, PD-L1 and CTLA-4 that are often expressed
in the TME by tumor cells and immune cells, such as tumor
associated macrophages (TAMs), as a mechanism of immune
evasion. At best, immune checkpoint inhibitors can induce
complete and durable tumor regression of metastatic diseases
(186, 187). However, therapy resistance is common and severe,
even fatal, autoimmune-mediated toxicities are associated with
the therapy (186-188). Biomarkers predictive of the therapy
result are therefore needed to estimate the response likelihood
and to optimize the patient selection for therapy. So far, the only
clinically used predictive biomarker of the efficacy for immune
checkpoint inhibitor therapy, is the expression intensity of PD-
L1 in the TME, but it has turned out to be suboptimal (188, 189).
Other potential biomarkers are under investigation. These
include the TME lymphocyte infiltration (190, 191) and tumor
mutation burden (192). Moreover, as the structure of ECM in
melanoma stroma may affect the therapy response, its potential
as one of the predictive parameters should also be evaluated.
Hundreds of ongoing clinical trial studies are currently
exploring other immunotherapeutic targets for future melanoma
treatment (ClinicalTrials.org). The furthest developed novel anti-
check point molecule, with recently released phase II/III results, is
the LAG-3-inhibitor relatlimab, which has shown clinical efficacy
in combination with nivolumab in metastatic melanoma (193).
The interleukin 2 pathway agonist bempegaldesleukin, with the
currently ongoing phase III clinical trial, and has shown promising

phase II results in combination with nivolumab. An IL-6
antagonist, tocilizumab, is also studied in combination with
nivolumab in a phase II study (Clinicaltrials.gov, NCT03999749).

A local treatment option for unresectable stage IIIB-IVMI1a
melanomas with (sub)cutaneous metastases is an oncolytic
vaccine called talimogene laherparepvec (T-VEC; IMLYGIC®),
a modified herpes virus vector that is injected locally in
melanoma lesions and, in addition to direct cell destruction,
enhances both local and distant immune responses. The use of T-
VEC in advanced melanoma is also being evaluated in
combination therapy approaches, e.g. together with ipilimumab
and pembrolizumab (194, 195), with the aim of increased efficacy
in patients with visceral metastases. Other vaccine therapies,
including dendritic cell-based, peptide-based and vector-based
vaccines are also in the testing phase and so far, the results have
not been assuring (196). Instead, adoptive cell therapies (ACT)
are a promising investigational option. The ACT approaches
include tumor infiltrating lymphocytes (TILs) and chimeric
antigen receptor (CAR) T-cell therapy (197).

THERAPEUTICALLY TARGETING
HYALURONAN IN MELANOMA

Therapeutic targeting of hyaluronan degradation or combining
it with other types of therapy have been studied in solid tumors
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associating with high accumulation of hyaluronan in the tumor
or in the stroma like in pancreatic cancer (198). In vitro studies
have shown that hyaluronan-rich matrix constrains the access
of immune cells, like CD8+ cytotoxic T cells, to the tumor area
in tumors with high hyaluronan matrix such as breast and
pancreatic cancer (199). Using a PEGylated recombinant
human PH20 hyaluronidase (PEGPH20) in combination with
trastuzumab or cetuximab, the immune cell infiltration was
enhanced but also the used treatment, trastuzumab- or
cetuximab-mediated antibody-dependent cell-mediated
cytotoxicity against tumor cells was highly improved. Similar
results were seen in mouse models (200). However, a phase I
trial in pancreatic ductal adenocarcinoma patients using
PEGPH20 in combination with gemcitabine resulted in
unacceptable adverse effects such as musculoskeletal pain,
peripheral edema and thromboembolic events (201).
Moreover, the overall survival or the progression-free survival
were not improved in phase III trials of pancreatic ductal
adenocarcinoma with the treatment of PEGPH20 in
combination neither with nab-paclitaxel nor gemcitabine.
Patients also suffered higher grade adverse effects such as
fatigue, muscle spasms and hyponatreamia (202).
Nevertheless, in 2020, the FDA approved another type of
hyaluronidase, hyaluronidase-zzxf from Phesco, to be used as
a subcutaneous injection to increase dispersion and absorption
of pertuzumab or trastuzumab to treat HER2-positive early
stage and metastatic breast cancer (203).

Since the hyaluronan levels in advanced stage melanoma tumors
are low or almost negative (18) in contrast to breast and pancreatic
cancers, similar kind of hyaluronidase therapies most likely cannot
be used. However, in vitro studies have shown that melanoma cells
induce hyaluronan production in dermal fibroblasts (104, 121) and
it also correlates with the hyaluronan levels in the stroma of
melanoma (18), and this could be a potential target for therapy.
Theoretically, targeting the stromal hyaluronan in melanoma might
induce better immune cell recognition and T-cell infiltration, as was
seen in pancreatic ductal adenocarcinoma (204). Bearing this in
mind, new local photothermal therapies (PTT) in synergy with
immune therapy have been tested by combining dissolved
microneedles to hyaluronidase-modified semiconductor polymer
nanoparticles containing poly(cyclopentadithiophene-alt-
benzothiazole) and immune adjuvant polyinosinic-polycytidylic
acid in mouse models. The approach enhanced the activation of
immune cells, especially T-cell-mediated immune responses.
Although, its use is currently limited only to superficial
melanomas as a local treatment (205), it opens prospects to
combine targeted hyaluronan degradation and immunotherapy to
treat melanoma TME in the future. In addition, 4-
methylumbelliferone (4-MU) is an interesting agent known to
inhibit hyaluronan synthesis (206). 4-MU acts as a competitive
substrate for UDP-glucuronosyltransferase -enzyme involved in
hyaluronan synthesis (207), it inhibits hyaluronan synthesis by
depleting its precursor sugar UDP-glucuronic acid and
downregulating the expression of HAS2 and HAS3 (208). In vitro,
4-MU has shown to inhibit melanoma cell proliferation and
invasion into collagen lattices (209). Recently, a topically applied

4-MU formulation was shown to decrease cutaneous hyaluronan
content in a mouse model (210), opening interesting new
approaches to treatment of conditions with altered hyaluronan
metabolism, including melanoma.

CONCLUSIONS AND
FUTURE PERSPECTIVES

Considering the yearly increasing numbers of new melanoma
cases, the race in finding effective therapies remains tense.
Preventive measures seem to be cost-effective (211) but they
may not reach people at the greatest risk of developing skin
cancer. Luckily, basic clinical research has taken huge steps
during the past years and decades and enlightened the details of
melanoma progression. Not only has our understanding of the
several genes and signal transmitters involved in the pathogenesis
of melanoma increased enormously, but we are also starting to
realize the complexity of the microenvironment surrounding the
evolving tumor. As reviewed here, hyaluronan, an abundant
glycosaminoglycan surrounding skin cells, has also several
functions affecting the development of melanoma. Hyaluronan
may have controversial role in cancer as it is increased in certain
cancer types but decreased in others. Although there are effective
treatments available and promising therapies being studied in
clinical trials, we still need a more detailed understanding of the
complexity of the ECM, including hyaluronan, in melanoma
progression. Future research should focus on investigating the
gradual processes in the TME during tumor development and on
finding new ways to modulate the matrix surrounding the tumor.
The key to conquer cancer may not be just affecting the tumor cells
or the immune reactions but also to modify the TME susceptible
for treatment. Hyaluronan appears to be a potent molecular target
for future therapeutic modalities and innovative research ideas
should be supported. Considering the past advances in cancer
biology, the breakthrough findings and the most effective
treatments are yet to come.

AUTHOR CONTRIBUTIONS

Writing - Original Draft Preparation: PT. Writing - Review and
Editing: PT, HS, AR, KK, SP-S. Figure Preparation: PT and SP-S.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was funded by the Academy of Finland (SP-S, grant
number 324238), Sigrid Jusélius Foundation (SP-S) and Péivikki
and Sakari Sohlberg Foundation (PT).

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 811434


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Takabe et al.

Hyaluronan in Melanomagenesis

REFERENCES

1.

5]

w

v

(=2}

~

o

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Miiller C, Wendt ], Rauscher S, Sunder-Plassmann R, Richtig E, Fae I, et al.
Risk Factors of Subsequent Primary Melanomas in Austria. JAMA Dermatol
(2019) 155(2):188-95. doi: 10.1001/jamadermatol.2018.4645

. Reichrath ], Lindqvist PG, Pilz S, Marz W, Grant WB, Holick MF, et al. Sunbeds

and Melanoma Risk: Many Open Questions, Not Yet Time to Close the Debate.
Anticancer Res (2020) 40(1):501-9. doi: 10.21873/anticanres.13978

. El Ghissassi SF, Baan R, Straif K, Grosse Y, Secretan B, Bouvard V, et al. A

Review of Human Carcinogens—Part D: Radiation. Lancet Oncol (2009) 10
(8):751-2. doi: 10.1016/S1470-2045(09)70213-X

. Cancer Statistic Center (2020). Available at: https://cancerstatisticscenter.

cancer.org/?_ga=2.3063024.1776694736.1587709797-1973017240.
1585132932#!/cancer-site/Melanoma%200f%20the%20skin (Accessed
06/03, 2021).

. Finnish Cancer Registry (2021). Available at: https://cancerregistry.fi/

statistics/cancer-statistics/ (Accessed 06/03, 2021).

. Rigel DS. Epidemiology of Melanoma. Semin Cutan Med Surg (2010) 29

(4):204-9. doi: 10.1016/j.sder.2010.10.005

. Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko A,

et al. Mutational Heterogeneity in Cancer and the Search for New Cancer-
Associated Genes. Nature (2013) 499(7457):214-8. doi: 10.1038/
naturel2213

. Liu M, Tolg C, Turley E. Dissecting the Dual Nature of Hyaluronan in the

Tumor Microenvironment. Front Immunol (2019) 10:947. doi: 10.3389/
fimmu.2019.00947

. Avenoso A, Bruschetta G, D’Ascola A, Scuruchi M, Mandraffino G, Gullace

R, et al. Hyaluronan Fragments Produced During Tissue Injury: A Signal
Amplifying the Inflammatory Response. Arch Biochem Biophys (2019)
663:228-38. doi: 10.1016/j.abb.2019.01.015

Cowman MK. Hyaluronan and Hyaluronan Fragments. Adv Carbohydr
Chem Biochem (2017) 74:1-59. doi: 10.1016/bs.accb.2017.10.001

Toole BP. Hyaluronan: From Extracellular Glue to Pericellular Cue. Nat Rev
Cancer (2004) 4(7):528-39. doi: 10.1038/nrc1391

Wu M, Cao M, He Y, Liu Y, Yang C, Du Y, et al. A Novel Role of Low
Molecular Weight Hyaluronan in Breast Cancer Metastasis. FASEB ] (2015)
29(4):1290-8. doi: 10.1096/fj.14-259978

Auvinen P, Rilla K, Tumelius R, Tammi M, Sironen R, Soini Y, et al.
Hyaluronan Synthases (HAS1-3) in Stromal and Malignant Cells Correlate
With Breast Cancer Grade and Predict Patient Survival. Breast Cancer Res
Treat (2014) 143(2):277-86. doi: 10.1007/s10549-013-2804-7

Auvinen P, Tammi R, Kosma VM, Sironen R, Soini Y, Mannermaa A, et al.
Increased Hyaluronan Content and Stromal Cell CD44 Associate With
HER2 Positivity and Poor Prognosis in Human Breast Cancer. Int ] Cancer
(2013) 132(3):531-9. doi: 10.1002/ijc.27707

Aaltomaa S, Lipponen P, Tammi R, Tammi M, Viitanen ], Kankkunen JP,
et al. Strong Stromal Hyaluronan Expression Is Associated With PSA
Recurrence in Local Prostate Cancer. Urol Int (2002) 69(4):266-72.
doi: 10.1159/000066123

Lipponen P, Aaltomaa S, Tammi R, Tammi M, Agren U, Kosma VM. High
Stromal Hyaluronan Level is Associated With Poor Differentiation and
Metastasis in Prostate Cancer. Eur J Cancer (2001) 37(7):849-56.
doi: 10.1016/50959-8049(00)00448-2

Auvinen P, Tammi R, Parkkinen J, Tammi M, Agren U, Johansson R, et al.
Hyaluronan in Peritumoral Stroma and Malignant Cells Associates With
Breast Cancer Spreading and Predicts Survival. Am ] Pathol (2000) 156
(2):529-36. doi: 10.1016/S0002-9440(10)64757-8

Siiskonen H, Poukka M, Tyynelid-Korhonen K, Sironen R, Pasonen-
Seppdnen S. Inverse Expression of Hyaluronidase 2 and Hyaluronan
Synthases 1-3 is Associated With Reduced Hyaluronan Content in
Malignant Cutaneous Melanoma. BMC Cancer (2013) 13:181-2407-13-
181. doi: 10.1186/1471-2407-13-181

Poukka M, Bykachev A, Siiskonen H, Tyyneld-Korhonen K, Auvinen P,
Pasonen-Seppinen S, et al. Decreased Expression of Hyaluronan Synthase 1
and 2 Associates With Poor Prognosis in Cutaneous Melanoma. BMC
Cancer (2016) 16:313-016-2344-8. doi: 10.1186/512885-016-2344-8
Ciarletta P, Foret L, Ben Amar M. The Radial Growth Phase of Malignant
Melanoma: Multi-Phase Modelling, Numerical Simulations and Linear

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Stability Analysis. ] R Soc Interface (2011) 8(56):345-68. doi: 10.1098/
1sif.2010.0285

Prost-Squarcioni C, Fraitag S, Heller M, Boehm N. Functional Histology of
Dermis. Ann Dermatol Venereol (2008) 135(1 Pt 2):1S5-20. doi: 10.1016/
S0151-9638(08)70206-0

Montagna W, Kligman AM, Carlisle KS. Atlas of Normal Human Skin.
Ist ed. New York: Springer-Verlag (1992).

Shain AH, Bastian BC. From Melanocytes to Melanomas. Nat Rev Cancer
(2016) 16(6):345-58. doi: 10.1038/nrc.2016.37

Mitra D, Luo X, Morgan A, Wang ], Hoang MP, Lo J, et al. An Ultraviolet-
Radiation-Independent Pathway to Melanoma Carcinogenesis in the Red
Hair/Fair Skin Background. Nature (2012) 491(7424):449-53. doi: 10.1038/
naturel 1624

Hong Y, Song B, Chen HD, Gao XH. Melanocytes and Skin Immunity.
J Investig Dermatol Symp Proc (2015) 17(1):37-9. doi: 10.1038/jidsymp.
2015.14

Chen H, Weng QY, Fisher DE. UV Signaling Pathways Within the Skin.
J Invest Dermatol (2014) 134(8):2080-5. doi: 10.1038/jid.2014.161

Manga P, Choudhury N. The Unfolded Protein and Integrated Stress
Response in Melanoma and Vitiligo. Pigment Cell Melanoma Res (2021)
34(2):204-11. doi: 10.1111/pcmr.12947

Yardman-Frank JM, Fisher DE. Skin Pigmentation and its Control: From
Ultraviolet Radiation to Stem Cells. Exp Dermatol (2020) 30(4):560-71.
doi: 10.1111/exd.14260

Clark W, Elder DE, Guerry D4, Epstein MN, Greene MH, Van Horn M. A
Study of Tumor Progression: The Precursor Lesions of Superficial Spreading
and Nodular Melanoma. Hum Pathol (1984) 15(12):1147-65. doi: 10.1016/
S0046-8177(84)80310-X

Elder DE, Bastian BC, Cree IA, Massi D, Scolyer RA. The 2018 World Health
Organization Classification of Cutaneous, Mucosal, and Uveal Melanoma:
Detailed Analysis of 9 Distinct Subtypes Defined by Their Evolutionary
Pathway. Arch Pathol Lab Med (2020) 144(4):500-22. doi: 10.5858/
arpa.2019-0561-RA

Bastian BC. The Molecular Pathology of Melanoma: An Integrated
Taxonomy of Melanocytic Neoplasia. Annu Rev Pathol (2014) 9:239-71.
doi: 10.1146/annurev-pathol-012513-104658

Sarkar S, Gaddameedhi S. Solar UV-Induced DNA Damage Response:
Melanocytes Story in Transformation to Environmental Melanomagenesis.
Environ Mol Mutagen (2020) 61(7):736-51. doi: 10.1002/em.22370

Scolyer RA, Long GV, Thompson JF. Evolving Concepts in Melanoma
Classification and Their Relevance to Multidisciplinary Melanoma Patient
Care. Mol Oncol (2011) 5(2):124-36. doi: 10.1016/j.molonc.2011.03.002
Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin
AV, et al. Signatures of Mutational Processes in Human Cancer. Nature
(2013) 500(7463):415-21. doi: 10.1038/nature12477

Testa U, Castelli G, Pelosi E. Melanoma: Genetic Abnormalities, Tumor
Progression, Clonal Evolution and Tumor Initiating Cells. Med Sci (Basel)
(2017) 5(4):28. doi: 10.3390/medsci5040028

Kiuru M, Tartar DM, Qi L, Chen D, Yu L, Konia T, et al. Improving
Classification of Melanocytic Nevi: Association of BRAF V600E Expression
With Distinct Histomorphologic Features. ] Am Acad Dermatol (2018) 79
(2):221-9. doi: 10.1016/j.jaad.2018.03.052

Poynter JN, Elder JT, Fullen DR, Nair RP, Soengas MS, Johnson TM, et al.
BRAF and NRAS Mutations in Melanoma and Melanocytic Nevi. Melanoma
Res (2006) 16(4):267-73. doi: 10.1097/01.cmr.0000222600.73179.f3

Roh MR, Eliades P, Gupta S, Tsao H. Genetics of Melanocytic Nevi. Pigment
Cell Melanoma Res (2015) 28(6):661-72. doi: 10.1111/pcmr.12412

Abdo JF, Sharma A, Sharma R. Role of Heredity in Melanoma Susceptibility:
A Primer for the Practicing Surgeon. Surg Clin North Am (2020) 100(1):13-
28. doi: 10.1016/j.5uc.2019.09.006

Toussi A, Mans N, Welborn J, Kiuru M. Germline Mutations Predisposing
to Melanoma. J Cutan Pathol (2020) 47(7):606-16. doi: 10.1111/cup.13689
Loercher AE, Tank EM, Delston RB, Harbour JW. MITF Links
Differentiation With Cell Cycle Arrest in Melanocytes by Transcriptional
Activation of INK4A. ] Cell Biol (2005) 168(1):35-40. doi: 10.1083/
jcb.200410115

Du J, Widlund HR, Horstmann MA, Ramaswamy S, Ross K, Huber WE,
et al. Critical Role of CDK2 for Melanoma Growth Linked to its Melanocyte-

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 811434


https://doi.org/10.1001/jamadermatol.2018.4645
https://doi.org/10.21873/anticanres.13978
https://doi.org/10.1016/S1470-2045(09)70213-X
https://cancerstatisticscenter.cancer.org/?_ga=2.3063024.1776694736.1587709797-1973017240.1585132932#!/cancer-site/Melanoma%20of%20the%20skin
https://cancerstatisticscenter.cancer.org/?_ga=2.3063024.1776694736.1587709797-1973017240.1585132932#!/cancer-site/Melanoma%20of%20the%20skin
https://cancerstatisticscenter.cancer.org/?_ga=2.3063024.1776694736.1587709797-1973017240.1585132932#!/cancer-site/Melanoma%20of%20the%20skin
https://cancerregistry.fi/statistics/cancer-statistics/
https://cancerregistry.fi/statistics/cancer-statistics/
https://doi.org/10.1016/j.sder.2010.10.005
https://doi.org/10.1038/nature12213
https://doi.org/10.1038/nature12213
https://doi.org/10.3389/fimmu.2019.00947
https://doi.org/10.3389/fimmu.2019.00947
https://doi.org/10.1016/j.abb.2019.01.015
https://doi.org/10.1016/bs.accb.2017.10.001
https://doi.org/10.1038/nrc1391
https://doi.org/10.1096/fj.14-259978
https://doi.org/10.1007/s10549-013-2804-7
https://doi.org/10.1002/ijc.27707
https://doi.org/10.1159/000066123
https://doi.org/10.1016/S0959-8049(00)00448-2
https://doi.org/10.1016/S0002-9440(10)64757-8
https://doi.org/10.1186/1471-2407-13-181
https://doi.org/10.1186/s12885-016-2344-8
https://doi.org/10.1098/rsif.2010.0285
https://doi.org/10.1098/rsif.2010.0285
https://doi.org/10.1016/S0151-9638(08)70206-0
https://doi.org/10.1016/S0151-9638(08)70206-0
https://doi.org/10.1038/nrc.2016.37
https://doi.org/10.1038/nature11624
https://doi.org/10.1038/nature11624
https://doi.org/10.1038/jidsymp.2015.14
https://doi.org/10.1038/jidsymp.2015.14
https://doi.org/10.1038/jid.2014.161
https://doi.org/10.1111/pcmr.12947
https://doi.org/10.1111/exd.14260
https://doi.org/10.1016/S0046-8177(84)80310-X
https://doi.org/10.1016/S0046-8177(84)80310-X
https://doi.org/10.5858/arpa.2019-0561-RA
https://doi.org/10.5858/arpa.2019-0561-RA
https://doi.org/10.1146/annurev-pathol-012513-104658
https://doi.org/10.1002/em.22370
https://doi.org/10.1016/j.molonc.2011.03.002
https://doi.org/10.1038/nature12477
https://doi.org/10.3390/medsci5040028
https://doi.org/10.1016/j.jaad.2018.03.052
https://doi.org/10.1097/01.cmr.0000222600.73179.f3
https://doi.org/10.1111/pcmr.12412
https://doi.org/10.1016/j.suc.2019.09.006
https://doi.org/10.1111/cup.13689
https://doi.org/10.1083/jcb.200410115
https://doi.org/10.1083/jcb.200410115
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Takabe et al.

Hyaluronan in Melanomagenesis

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Specific Transcriptional Regulation by MITE. Cancer Cell (2004) 6(6):565-
76. doi: 10.1016/j.ccr.2004.10.014

Yokoyama S, Woods SL, Boyle GM, Aoude LG, MacGregor S, Zismann V,
et al. A Novel Recurrent Mutation in MITF Predisposes to Familial and
Sporadic Melanoma. Nature (2011) 480(7375):99-103. doi: 10.1038/
nature10630

Day CP, Marchalik R, Merlino G, Michael H. Mouse Models of UV-Induced
Melanoma: Genetics, Pathology, and Clinical Relevance. Lab Invest (2017)
97(6):698-705. doi: 10.1038/labinvest.2016.155

Emri G, Paragh G, Tosaki A, Janka E, Kollar S, Hegedus C, et al. Ultraviolet
Radiation-Mediated Development of Cutaneous Melanoma: An Update.
J Photochem Photobiol B (2018) 185:169-75. doi: 10.1016/j.jphotobiol.
2018.06.005

Heldin P, Lin CY, Kolliopoulos C, Chen YH, Skandalis SS. Regulation of
Hyaluronan Biosynthesis and Clinical Impact of Excessive Hyaluronan
Production. Matrix Biol (2019) 78-79:100-17. doi: 10.1016/
j.matbio.2018.01.017

Leonardi GC, Falzone L, Salemi R, Zanghi A, Spandidos DA, Mccubrey JA,
et al. Cutaneous Melanoma: From Pathogenesis to Therapy (Review). Int |
Oncol (2018) 52(4):1071-80. doi: 10.3892/ij0.2018.4287

Jokinen E, Koivunen JP. MEK and PI3K Inhibition in Solid Tumors:
Rationale and Evidence to Date. Ther Adv Med Oncol (2015) 7(3):170-80.
doi: 10.1177/1758834015571111

Ross MI, Gershenwald JE. Evidence-Based Treatment of Early-Stage
Melanoma. J Surg Oncol (2011) 104(4):341-53. doi: 10.1002/j50.21962
Rastrelli M, Tropea S, Rossi CR, Alaibac M. Melanoma: Epidemiology, Risk
Factors, Pathogenesis, Diagnosis and Classification. In Vivo (2014) 28
(6):1005-11.

Lideikaite A, Mozuraitiene J, Letautiene S. Analysis of Prognostic Factors for
Melanoma Patients. Acta Med Litu (2017) 24(1):25-34. doi: 10.6001/
actamedica.v24i1.3460

Gilchrest BA. Sun Exposure and Vitamin D Sufficiency. Am J Clin Nutr
(2008) 88(2):570S-7S. doi: 10.1093/ajcn/88.2.570S

Mignogna C, Scali E, Camastra C, Presta I, Zeppa P, Barni T, et al. Innate
Immunity in Cutaneous Melanoma. Clin Exp Dermatol (2017) 42(3):243-50.
doi: 10.1111/ced.13023

Kim SI, Pfeifer GP. The Epigenetic DNA Modification 5-Carboxylcytosine
Promotes High Levels of Cyclobutane Pyrimidine Dimer Formation Upon
UVB Irradiation. Genome Instab Dis (2021) 2(1):59-69. doi: 10.1007/
$42764-020-00030-x

de Jager TL, Cockrell AE, Du Plessis SS. Ultraviolet Light Induced
Generation of Reactive Oxygen Species. Adv Exp Med Biol (2017) 996:15-
23. doi: 10.1007/978-3-319-56017-5_2

Hadas R, Gershon E, Cohen A, Atrakchi O, Lazar S, Golani O, et al.
Hyaluronan Control of the Primary Vascular Barrier During Early Mouse
Pregnancy is Mediated by Uterine NK Cells. JCI Insight (2020) 5(22):
e135775. doi: 10.1172/jci.insight.135775

Xin Y, Xu P, Wang X, Chen Y, Zhang Z, Zhang Y. Human Foreskin-Derived
Dermal Stem/Progenitor Cell-Conditioned Medium Combined With
Hyaluronic Acid Promotes Extracellular Matrix Regeneration in Diabetic
Wounds. Stem Cell Res Ther (2021) 12(1):49-020-02116-5. doi: 10.1186/
$13287-020-02116-5

Parkes WS, Amargant F, Zhou LT, Villanueva CE, Duncan FE, Pritchard
MT. Hyaluronan and Collagen Are Prominent Extracellular Matrix
Components in Bovine and Porcine Ovaries. Genes (Basel) (2021) 12
(8):1186. doi: 10.3390/genes12081186

Knudson CB. Hyaluronan Receptor-Directed Assembly of Chondrocyte
Pericellular Matrix. J Cell Biol (1993) 120(3):825-34. doi: 10.1083/jcb.120.3.825
Goldberg RL, Toole BP. Pericellular Coat of Chick Embryo Chondrocytes:
Structural Role of Hyaluronate. J Cell Biol (1984) 99(6):2114-22. doi: 10.1083/
jcb.99.6.2114

Ludwig TE, Hunter MM, Schmidt TA. Cartilage Boundary Lubrication
Synergism is Mediated by Hyaluronan Concentration and PRG4
Concentration and Structure. BMC Musculoskelet Disord (2015) 16:386-
015-0842-5. doi: 10.1186/s12891-015-0842-5

Schmidt TA, Gastelum NS, Nguyen QT, Schumacher BL, Sah RL. Boundary
Lubrication of Articular Cartilage: Role of Synovial Fluid Constituents.
Arthritis Rheum (2007) 56(3):882-91. doi: 10.1002/art.22446

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Tolg C, Yuan H, Flynn SM, Basu K, Ma J, Tse KCK, et al. Hyaluronan
Modulates Growth Factor Induced Mammary Gland Branching in a Size
Dependent Manner. Matrix Biol (2017) 63:117-32. doi: 10.1016/j.matbio.
2017.02.003

Weigel PH. Hyaluronan Synthase: The Mechanism of Initiation at the
Reducing End and a Pendulum Model for Polysaccharide Translocation to
the Cell Exterior. Int J Cell Biol (2015) 2015:367579. doi: 10.1155/2015/
367579

Ontong P, Hatada Y, Taniguchi S, Kakizaki I, Itano N. Effect of a
Cholesterol-Rich Lipid Environment on the Enzymatic Activity of
Reconstituted Hyaluronan Synthase. Biochem Biophys Res Commun
(2014) 443(2):666-71. doi: 10.1016/j.bbrc.2013.12.028

Passi A, Vigetti D, Buraschi S, Iozzo RV. Dissecting the Role of Hyaluronan
Synthases in the Tumor Microenvironment. FEBS ] (2019) 286(15):2937-49.
doi: 10.1111/febs.14847

Vigetti D, Genasetti A, Karousou E, Viola M, Clerici M, Bartolini B, et al.
Modulation of Hyaluronan Synthase Activity in Cellular Membrane
Fractions. J Biol Chem (2009) 284(44):30684-94. doi: 10.1074/jbc.M109.
040386

Wang A, Hascall VC. Hyperglycemia, Intracellular Hyaluronan Synthesis,
Cyclin D3 and Autophagy. Autophagy (2009) 5(6):864-5. doi: 10.4161/
auto.9041

Rilla K, Siiskonen H, Spicer AP, Hyttinen JM, Tammi MI, Tammi RH.
Plasma Membrane Residence of Hyaluronan Synthase is Coupled to its
Enzymatic Activity. J Biol Chem (2005) 280(36):31890-7. doi: 10.1074/
jbc.M504736200

Kobayashi T, Chanmee T, Itano N. Hyaluronan: Metabolism and Function.
Biomolecules (2020) 10(11):1525. doi: 10.3390/biom10111525

Stern R, Jedrzejas MJ. Hyaluronidases: Their Genomics, Structures, and
Mechanisms of Action. Chem Rev (2006) 106(3):818-39. doi: 10.1021/
cr050247k

Deguine V, Menasche M, Fraisse L, Ferrari P, Pouliquen Y, Robert L.
Determination of Extracellular Matrix Degradation by Free Radicals Using
Viscosity Measurement of Hyaluronan. Clin Chim Acta (1997) 262(1-
2):147-52. doi: 10.1016/S0009-8981(97)06545-5

Schmut O, Ansari AN, Faulborn J. Degradation of Hyaluronate by the
Concerted Action of Ozone and Sunlight. Ophthalmic Res (1994) 26(6):340-
3. doi: 10.1159/000267499

Tobisawa Y, Fujita N, Yamamoto H, Ohyama C, Irie F, Yamaguchi Y. The
Cell Surface Hyaluronidase TMEM2 is Essential for Systemic Hyaluronan
Catabolism and Turnover. J Biol Chem (2021) 297(5):101281. doi: 10.1016/
j.jbc.2021.101281

Yoshida H, Okada Y. Role of HYBID (Hyaluronan Binding Protein Involved
in Hyaluronan Depolymerization), Alias KIAA1199/CEMIP, in Hyaluronan
Degradation in Normal and Photoaged Skin. Int ] Mol Sci (2019) 20
(22):5804. doi: 10.3390/ijms20225804

Yamamoto H, Tobisawa Y, Inubushi T, Irie F, Ohyama C, Yamaguchi Y. A
Mammalian Homolog of the Zebrafish Transmembrane Protein 2 (TMEM2)
is the Long-Sought-After Cell-Surface Hyaluronidase. J Biol Chem (2017)
292(18):7304-13. doi: 10.1074/jbc.M116.770149

Avenoso A, D’Ascola A, Scuruchi M, Mandraffino G, Calatroni A, Saitta A,
et al. Hyaluronan in Experimental Injured/Inflamed Cartilage: In Vivo
Studies. Life Sci (2018) 193:132-40. doi: 10.1016/j.1fs.2017.11.006

Soroosh A, Albeiroti S, West GA, Willard B, Fiocchi C, de la Motte CA.
Crohn’s Disease Fibroblasts Overproduce the Novel Protein KIAA1199 to
Create Proinflammatory Hyaluronan Fragments. Cell Mol Gastroenterol
Hepatol (2016) 2(3):358-68. doi: 10.1016/j.jcmgh.2015.12.007

Tolg C, Telmer P, Turley E. Specific Sizes of Hyaluronan Oligosaccharides
Stimulate Fibroblast Migration and Excisional Wound Repair. PLoS One
(2014) 9(2):¢88479. doi: 10.1371/journal.pone.0088479

Cui X, Xu H, Zhou S, Zhao T, Liu A, Guo X, et al. Evaluation of Angiogenic
Activities of Hyaluronan Oligosaccharides of Defined Minimum Size. Life
Sci (2009) 85(15-16):573-7. doi: 10.1016/j.15.2009.08.010

Termeer CC, Hennies J, Voith U, Ahrens T, Weiss JM, Prehm P, et al.
Oligosaccharides of Hyaluronan are Potent Activators of Dendritic Cells.
J Immunol (2000) 165(4):1863-70. doi: 10.4049/jimmunol.165.4.1863
Queisser KA, Mellema RA, Middleton EA, Portier I, Manne BK, Denorme F,
et al. COVID-19 Generates Hyaluronan Fragments That Directly Induce

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 811434


https://doi.org/10.1016/j.ccr.2004.10.014
https://doi.org/10.1038/nature10630
https://doi.org/10.1038/nature10630
https://doi.org/10.1038/labinvest.2016.155
https://doi.org/10.1016/j.jphotobiol.2018.06.005
https://doi.org/10.1016/j.jphotobiol.2018.06.005
https://doi.org/10.1016/j.matbio.2018.01.017
https://doi.org/10.1016/j.matbio.2018.01.017
https://doi.org/10.3892/ijo.2018.4287
https://doi.org/10.1177/1758834015571111
https://doi.org/10.1002/jso.21962
https://doi.org/10.6001/actamedica.v24i1.3460
https://doi.org/10.6001/actamedica.v24i1.3460
https://doi.org/10.1093/ajcn/88.2.570S
https://doi.org/10.1111/ced.13023
https://doi.org/10.1007/s42764-020-00030-x
https://doi.org/10.1007/s42764-020-00030-x
https://doi.org/10.1007/978-3-319-56017-5_2
https://doi.org/10.1172/jci.insight.135775
https://doi.org/10.1186/s13287-020-02116-5
https://doi.org/10.1186/s13287-020-02116-5
https://doi.org/10.3390/genes12081186
https://doi.org/10.1083/jcb.120.3.825
https://doi.org/10.1083/jcb.99.6.2114
https://doi.org/10.1083/jcb.99.6.2114
https://doi.org/10.1186/s12891-015-0842-5
https://doi.org/10.1002/art.22446
https://doi.org/10.1016/j.matbio.2017.02.003
https://doi.org/10.1016/j.matbio.2017.02.003
https://doi.org/10.1155/2015/367579
https://doi.org/10.1155/2015/367579
https://doi.org/10.1016/j.bbrc.2013.12.028
https://doi.org/10.1111/febs.14847
https://doi.org/10.1074/jbc.M109.040386
https://doi.org/10.1074/jbc.M109.040386
https://doi.org/10.4161/auto.9041
https://doi.org/10.4161/auto.9041
https://doi.org/10.1074/jbc.M504736200
https://doi.org/10.1074/jbc.M504736200
https://doi.org/10.3390/biom10111525
https://doi.org/10.1021/cr050247k
https://doi.org/10.1021/cr050247k
https://doi.org/10.1016/S0009-8981(97)06545-5
https://doi.org/10.1159/000267499
https://doi.org/10.1016/j.jbc.2021.101281
https://doi.org/10.1016/j.jbc.2021.101281
https://doi.org/10.3390/ijms20225804
https://doi.org/10.1074/jbc.M116.770149
https://doi.org/10.1016/j.lfs.2017.11.006
https://doi.org/10.1016/j.jcmgh.2015.12.007
https://doi.org/10.1371/journal.pone.0088479
https://doi.org/10.1016/j.lfs.2009.08.010
https://doi.org/10.4049/jimmunol.165.4.1863
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Takabe et al.

Hyaluronan in Melanomagenesis

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Endothelial Barrier Dysfunction. JCI Insight (2021) 6(17):e147472.
doi: 10.1172/jci.insight.147472

Liang J, Jiang D, Noble PW. Hyaluronan as a Therapeutic Target in Human
Diseases. Adv Drug Deliv Rev (2016) 97:186-203. doi: 10.1016/j.addr.
2015.10.017

Dominguez-Gutierrez PR, Kwenda EP, Donelan W, O’Malley P, Crispen PL,
Kusmartsev S. Hyal2 Expression in Tumor-Associated Myeloid Cells
Mediates Cancer-Related Inflammation in Bladder Cancer. Cancer Res
(2021) 81(3):648-57. doi: 10.1158/0008-5472.CAN-20-1144

Itano N, Sawai T, Yoshida M, Lenas P, Yamada Y, Imagawa M, et al. Three
Isoforms of Mammalian Hyaluronan Synthases Have Distinct Enzymatic
Properties. ] Biol Chem (1999) 274(35):25085-92. doi: 10.1074/jbc.274.
35.25085

Baggenstoss BA, Harris EN, Washburn JL, Medina AP, Nguyen L, Weigel
PH. Hyaluronan Synthase Control of Synthesis Rate and Hyaluronan
Product Size are Independent Functions Differentially Affected by
Mutations in a Conserved Tandem B-X7-B Motif. Glycobiology (2017) 27
(2):154-64. doi: 10.1093/glycob/cww089

Hiltunen EL, Anttila M, Kultti A, Ropponen K, Penttinen J, Yliskoski M,
et al. Elevated Hyaluronan Concentration Without Hyaluronidase
Activation in Malignant Epithelial Ovarian Tumors. Cancer Res (2002) 62
(22):6410-3.

Anttila MA, Tammi RH, Tammi MI, Syrjanen K], Saarikoski SV, Kosma
VM. High Levels of Stromal Hyaluronan Predict Poor Disease Outcome in
Epithelial Ovarian Cancer. Cancer Res (2000) 60(1):150-5.

Rizzardi AE, Vogel RI, Koopmeiners JS, Forster CL, Marston LO, Rosener
NK, et al. Elevated Hyaluronan and Hyaluronan-Mediated Motility Receptor
are Associated With Biochemical Failure in Patients With Intermediate-
Grade Prostate Tumors. Cancer (2014) 120(12):1800-9. doi: 10.1002/
cncr.28646

Tahkola K, Ahtiainen M, Mecklin JP, Kellokumpu I, Laukkarinen J, Tammi
M, et al. Stromal Hyaluronan Accumulation is Associated With Low
Immune Response and Poor Prognosis in Pancreatic Cancer. Sci Rep
(2021) 11(1):12216-021-91796-x. doi: 10.1038/541598-021-91796-x

Setild LP, Tammi MI, Tammi RH, Eskelinen MJ, Lipponen PK, Agren UM,
et al. Hyaluronan Expression in Gastric Cancer Cells is Associated With
Local and Nodal Spread and Reduced Survival Rate. Br ] Cancer (1999) 79(7-
8):1133-8. doi: 10.1038/s].bjc.6690180

Ropponen K, Tammi M, Parkkinen J, Eskelinen M, Tammi R, Lipponen P,
et al. Tumor Cell-Associated Hyaluronan as an Unfavorable Prognostic
Factor in Colorectal Cancer. Cancer Res (1998) 58(2):342-7.

Schmaus A, Klusmeier S, Rothley M, Dimmler A, Sipos B, Faller G, et al.
Accumulation of Small Hyaluronan Oligosaccharides in Tumour Interstitial
Fluid Correlates With Lymphatic Invasion and Lymph Node Metastasis. Br J
Cancer (2014) 111(3):559-67. doi: 10.1038/bjc.2014.332

Takabe P, Karnd R, Rauhala L, Tammi M, Tammi R, Pasonen-Seppinen S.
Melanocyte Hyaluronan Coat Fragmentation Enhances the UVB-Induced
TLR-4 Receptor Signaling and Expression of Proinflammatory Mediators
IL-6, IL-8, CXCL-1 and CXCL-10 via NF-kappaB Activation. ] Invest
Dermatol (2019) 139(9):1993-2003.e4. doi: 10.1016/j.jid.2019.03.1135
Karjalainen JM, Tammi RH, Tammi MI, Eskelinen MJ, Agren UM,
Parkkinen JJ, et al. Reduced Level of CD44 and Hyaluronan Associated
With Unfavorable Prognosis in Clinical Stage I Cutaneous Melanoma. Am ]
Pathol (2000) 157(3):957-65. doi: 10.1016/S0002-9440(10)64608-1
Siiskonen H, Térrénen K, Kumlin T, Rilla K, Tammi MI, Tammi RH.
Chronic UVR Causes Increased Immunostaining of CD44 and
Accumulation of Hyaluronan in Mouse Epidermis. J Histochem Cytochem
(2011) 59(10):908-17. doi: 10.1369/0022155411417874

Rauhala L, Hamaldinen L, Salonen P, Bart G, Tammi M, Pasonen-Seppanen
S, et al. Low Dose Ultraviolet B Irradiation Increases Hyaluronan Synthesis
in Epidermal Keratinocytes via Sequential Induction of Hyaluronan
Synthases Hasl-3 Mediated by P38 and Ca2+/calmodulin-Dependent
Protein Kinase II (CaMKII) Signaling. J Biol Chem (2013) 288(25):17999-
8012. doi: 10.1074/jbc.M113.472530

Averbeck M, Gebhardt CA, Voigt S, Beilharz S, Anderegg U, Termeer CC,
et al. Differential Regulation of Hyaluronan Metabolism in the Epidermal
and Dermal Compartments of Human Skin by UVB Irradiation. J Invest
Dermatol (2007) 127(3):687-97. doi: 10.1038/sj.jid.5700614

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Tzellos TG, Klagas I, Vahtsevanos K, Triaridis S, Printza A, Kyrgidis A, et al.
Extrinsic Ageing in the Human Skin is Associated With Alterations in the
Expression of Hyaluronic Acid and its Metabolizing Enzymes. Exp Dermatol
(2009) 18(12):1028-35. doi: 10.1111/j.1600-0625.2009.00889.x

Halliday GM. Inflammation, Gene Mutation and Photoimmunosuppression
in Response to UVR-Induced Oxidative Damage Contributes to
Photocarcinogenesis. Mutat Res (2005) 571(1-2):107-20. doi: 10.1016/
j.mrfmmm.2004.09.013

Uchiyama H, Dobashi Y, Ohkouchi K, Nagasawa K. Chemical Change
Involved in the Oxidative Reductive Depolymerization of Hyaluronic Acid.
] Biol Chem (1990) 265(14):7753-9. doi: 10.1016/50021-9258(19)38993-8
Krasinski R, Tchorzewski H, Lewkowicz P. Antioxidant Effect of Hyaluronan
on Polymorphonuclear Leukocyte-Derived Reactive Oxygen Species is
Dependent on its Molecular Weight and Concentration and Mainly
Involves the Extracellular Space. Postepy Hig Med Dosw (Online) (2009)
63:205-12.

Soltes L, Mendichi R, Kogan G, Schiller ], Stankovska M, Arnhold J.
Degradative Action of Reactive Oxygen Species on Hyaluronan.
Biomacromolecules (2006) 7(3):659-68. doi: 10.1021/bm050867v
Pasonen-Seppénen S, Takabe P, Edward M, Rauhala L, Rilla K, Tammi M,
et al. Melanoma Cell-Derived Factors Stimulate Hyaluronan Synthesis in
Dermal Fibroblasts by Upregulating HAS2 Through PDGFR-PI3K-AKT and
P38 Signaling. Histochem Cell Biol (2012) 138(6):895-911. doi: 10.1007/
500418-012-1000-x

Wight TN, Frevert CW, Debley ]S, Reeves SR, Parks WC, Ziegler SF.
Interplay of Extracellular Matrix and Leukocytes in Lung Inflammation.
Cell Immunol (2017) 312:1-14. doi: 10.1016/j.cellimm.2016.12.003

Petrey AC, de la Motte CA. Hyaluronan, a Crucial Regulator of
Inflammation. Front Immunol (2014) 5:101. doi: 10.3389/fimmu.2014.00101
Tavianatou AG, Caon I, Franchi M, Piperigkou Z, Galesso D, Karamanos
NK. Hyaluronan: Molecular Size-Dependent Signaling and Biological
Functions in Inflammation and Cancer. FEBS ] (2019) 286(15):2883-908.
doi: 10.1111/febs.14777

Vistejnova L, Safrankova B, Nesporova K, Slavkovsky R, Hermannova M,
Hosek P, et al. Low Molecular Weight Hyaluronan Mediated CD44
Dependent Induction of IL-6 and Chemokines in Human Dermal
Fibroblasts Potentiates Innate Immune Response. Cytokine (2014) 70
(2):97-103. doi: 10.1016/j.cyt0.2014.07.006

Schwertfeger KL, Cowman MK, Telmer PG, Turley EA, McCarthy JB.
Hyaluronan, Inflammation, and Breast Cancer Progression. Front
Immunol (2015) 6:236. doi: 10.3389/fimmu.2015.00236

Voelcker V, Gebhardt C, Averbeck M, Saalbach A, Wolf V, Weih F, et al.
Hyaluronan Fragments Induce Cytokine and Metalloprotease Upregulation
in Human Melanoma Cells in Part by Signalling via TLR4. Exp Dermatol
(2008) 17(2):100-7. doi: 10.1111/j.1600-0625.2007.00638.x

Mummert ME, Mummert D, Edelbaum D, Hui F, Matsue H, Takashima A.
Synthesis and Surface Expression of Hyaluronan by Dendritic Cells and its
Potential Role in Antigen Presentation. ] Immunol (2002) 169(8):4322-31.
doi: 10.4049/jimmunol.169.8.4322

HaSova M, Crhak T, Safrankové B, Dvorakova J, Muthnj T, Velebny V, et al.
Hyaluronan Minimizes Effects of UV Irradiation on Human Keratinocytes.
Arch Dermatol Res (2011) 303(4):277-84. doi: 10.1007/s00403-011-1146-8
Muto J, Sayama K, Gallo RL, Kimata K. Emerging Evidence for the Essential
Role of Hyaluronan in Cutaneous Biology. ] Dermatol Sci (2019) 94(1):190-
5. doi: 10.1016/j.jdermsci.2019.01.009

Rayahin JE, Buhrman JS, Zhang Y, Koh TJ, Gemeinhart RA. High and Low
Molecular Weight Hyaluronic Acid Differentially Influence Macrophage
Activation. ACS Biomater Sci Eng (2015) 1(7):481-93. doi: 10.1021/
acsbiomaterials.5b00181

Pieniazek M, Matkowski R, Donizy P. Macrophages in Skin Melanoma-the
Key Element in Melanomagenesis. Oncol Lett (2018) 15(4):5399-404.
doi: 10.3892/01.2018.8021

Wang T, Herlyn M. The Macrophage: A New Factor in UVR-Induced
Melanomagenesis. J Invest Dermatol (2013) 133(7):1711-3. doi: 10.1038/
jid.2013.93

Chanmee T, Ontong P, Konno K, Itano N. Tumor-Associated Macrophages
as Major Players in the Tumor Microenvironment. Cancers (Basel) (2014) 6
(3):1670-90. doi: 10.3390/cancers6031670

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 811434


https://doi.org/10.1172/jci.insight.147472
https://doi.org/10.1016/j.addr.2015.10.017
https://doi.org/10.1016/j.addr.2015.10.017
https://doi.org/10.1158/0008-5472.CAN-20-1144
https://doi.org/10.1074/jbc.274.35.25085
https://doi.org/10.1074/jbc.274.35.25085
https://doi.org/10.1093/glycob/cww089
https://doi.org/10.1002/cncr.28646
https://doi.org/10.1002/cncr.28646
https://doi.org/10.1038/s41598-021-91796-x
https://doi.org/10.1038/sj.bjc.6690180
https://doi.org/10.1038/bjc.2014.332
https://doi.org/10.1016/j.jid.2019.03.1135
https://doi.org/10.1016/S0002-9440(10)64608-1
https://doi.org/10.1369/0022155411417874
https://doi.org/10.1074/jbc.M113.472530
https://doi.org/10.1038/sj.jid.5700614
https://doi.org/10.1111/j.1600-0625.2009.00889.x
https://doi.org/10.1016/j.mrfmmm.2004.09.013
https://doi.org/10.1016/j.mrfmmm.2004.09.013
https://doi.org/10.1016/S0021-9258(19)38993-8
https://doi.org/10.1021/bm050867v
https://doi.org/10.1007/s00418-012-1000-x
https://doi.org/10.1007/s00418-012-1000-x
https://doi.org/10.1016/j.cellimm.2016.12.003
https://doi.org/10.3389/fimmu.2014.00101
https://doi.org/10.1111/febs.14777
https://doi.org/10.1016/j.cyto.2014.07.006
https://doi.org/10.3389/fimmu.2015.00236
https://doi.org/10.1111/j.1600-0625.2007.00638.x
https://doi.org/10.4049/jimmunol.169.8.4322
https://doi.org/10.1007/s00403-011-1146-8
https://doi.org/10.1016/j.jdermsci.2019.01.009
https://doi.org/10.1021/acsbiomaterials.5b00181
https://doi.org/10.1021/acsbiomaterials.5b00181
https://doi.org/10.3892/ol.2018.8021
https://doi.org/10.1038/jid.2013.93
https://doi.org/10.1038/jid.2013.93
https://doi.org/10.3390/cancers6031670
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Takabe et al.

Hyaluronan in Melanomagenesis

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Zhang B, Du Y, He Y, Liu Y, Zhang G, Yang C, et al. INT-HA Induces M2-
Like Macrophage Differentiation of Human Monocytes via TLR4-miR-935
Pathway. Cancer Immunol Immunother (2019) 68(2):189-200. doi: 10.1007/
500262-018-2261-6

Sokolowska M, Chen LY, Eberlein M, Martinez-Anton A, Liu Y, Alsaaty S,
et al. Low Molecular Weight Hyaluronan Activates Cytosolic Phospholipase
A2alpha and Eicosanoid Production in Monocytes and Macrophages. ] Biol
Chem (2014) 289(7):4470-88. doi: 10.1074/jbc.M113.515106

Black KE, Collins SL, Hagan RS, Hamblin MJ, Chan-Li Y, Hallowell RW,
et al. Hyaluronan Fragments Induce IFNbeta via a Novel TLR4-TRIF-TBK1-
IRE3-Dependent Pathway. ] Inflammation (Lond) (2013) 10(1):23. doi: 10.1186/
1476-9255-10-23

Willenberg A, Saalbach A, Simon JC, Anderegg U. Melanoma Cells Control
HA Synthesis in Peritumoral Fibroblasts via PDGF-AA and PDGF-CC:
Impact on Melanoma Cell Proliferation. J Invest Dermatol (2012) 132
(2):385-93. doi: 10.1038/jid.2011.325

Sapudom J, Nguyen KT, Martin S, Wippold T, Moller S, Schnabelrauch M,
et al. Biomimetic Tissue Models Reveal the Role of Hyaluronan in Melanoma
Proliferation and Invasion. Biomater Sci (2020) 8(5):1405-17. doi: 10.1039/
C9BMO01636H

Du Y, Cao M, Liu Y, He Y, Yang C, Wu M, et al. Low-Molecular-Weight
Hyaluronan (LMW-HA) Accelerates Lymph Node Metastasis of Melanoma
Cells by Inducing Disruption of Lymphatic Intercellular Adhesion.
Oncoimmunology (2016) 5(11):e1232235. doi: 10.1080/2162402X.
2016.1232235

Sapudom J, Ullm F, Martin S, Kalbitzer L, Naab J, Moller S, et al. Molecular
Weight Specific Impact of Soluble and Immobilized Hyaluronan on CD44
Expressing Melanoma Cells in 3D Collagen Matrices. Acta Biomater (2017)
50:259-70. doi: 10.1016/j.actbio.2016.12.026

Tian X, Azpurua J, Hine C, Vaidya A, Myakishev-Rempel M, Ablaeva J, et al.
High-Molecular-Mass Hyaluronan Mediates the Cancer Resistance of the
Naked Mole Rat. Nature (2013) 499(7458):346-9. doi: 10.1038/nature12234
Eiro N, Ovies C, Fernandez-Garcia B, Alvarez-Cuesta CC, Gonzalez L,
Gonzalez LO, et al. Expression of TLR3, 4, 7 and 9 in Cutaneous
Malignant Melanoma: Relationship With Clinicopathological
Characteristics and Prognosis. Arch Dermatol Res (2013) 305(1):59-67.
doi: 10.1007/500403-012-1300-y

Dickinson SE, Wondrak GT. TLR4 in Skin Cancer: From Molecular
Mechanisms to Clinical Interventions. Mol Carcinog (2019) 58(7):1086-93.
doi: 10.1002/mc.23016

Caon I, Bartolini B, Parnigoni A, Carava E, Moretto P, Viola M, et al.
Revisiting the Hallmarks of Cancer: The Role of Hyaluronan. Semin Cancer
Biol (2020) 62:9-19. doi: 10.1016/j.semcancer.2019.07.007

Henke E, Nandigama R, Ergun S. Extracellular Matrix in the Tumor
Microenvironment and Its Impact on Cancer Therapy. Front Mol Biosci
(2020) 6:160. doi: 10.3389/fmolb.2019.00160

Junttila MR, de Sauvage FJ. Influence of Tumour Micro-Environment
Heterogeneity on Therapeutic Response. Nature (2013) 501(7467):346-54.
doi: 10.1038/nature12626

Antohe M, Nedelcu RI, Nichita L, Popp CG, Cioplea M, Brinzea A, et al.
Tumor Infiltrating Lymphocytes: The Regulator of Melanoma Evolution.
Oncol Lett (2019) 17(5):4155-61. doi: 10.3892/01.2019.9940

Taylor RC, Patel A, Panageas KS, Busam K], Brady MS. Tumor-Infiltrating
Lymphocytes Predict Sentinel Lymph Node Positivity in Patients With
Cutaneous Melanoma. | Clin Oncol (2007) 25(7):869-75. doi: 10.1200/
JCO.2006.08.9755

Spatz A, Gimotty PA, Cook MG, van den Oord JJ, Desai N, Eggermont AM,
et al. Protective Effect of a Brisk Tumor Infiltrating Lymphocyte Infiltrate in
Melanoma: An EORTC Melanoma Group Study. 2007 ASCO Annu Meeting
Proceedings: ] Clin Oncol (2007) 25(18_suppl):8519. doi: 10.1200/
jco.2007.25.18

Lee N, Zakka LR, Mihm MC, Schatton T. Tumour-Infiltrating Lymphocytes
in Melanoma Prognosis and Cancer Immunotherapy. Pathology (2016) 48
(2):177-87. doi: 10.1016/j.pathol.2015.12.006

Fu Q, Chen N, Ge C, Li R, Li Z, Zeng B, et al. Prognostic Value of Tumor-
Infiltrating Lymphocytes in Melanoma: A Systematic Review and Meta-
Analysis. Oncoimmunology (2019) 8(7):1593806. doi: 10.1080/2162402X.
2019.1593806

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Erdag G, Schaefer JT, Smolkin ME, Deacon DH, Shea SM, Dengel LT, et al.
Immunotype and Immunohistologic Characteristics of Tumor-Infiltrating
Immune Cells are Associated With Clinical Outcome in Metastatic
Melanoma. Cancer Res (2012) 72(5):1070-80. doi: 10.1158/0008-
5472.CAN-11-3218

Clark WH]Jr, Elder DE, Guerry D4, Braitman LE, Trock BJ, Schultz D, et al.
Model Predicting Survival in Stage I Melanoma Based on Tumor
Progression. J Natl Cancer Inst (1989) 81(24):1893-904. doi: 10.1093/jnci/
81.24.1893

Cassetta L, Kitamura T. Macrophage Targeting: Opening New Possibilities
for Cancer Immunotherapy. Immunology (2018) 155(3):285-93. doi: 10.1111/
imm.12976

Cho U, Kim B, Kim S, Han Y, Song YS. Pro-Inflammatory M1 Macrophage
Enhances Metastatic Potential of Ovarian Cancer Cells Through NF-kappaB
Activation. Mol Carcinog (2018) 57(2):235-42. doi: 10.1002/mc.22750
Song W, Thakor P, Vesey DA, Gobe GC, Morais C. Conditioned Medium
From Stimulated Macrophages Inhibits Growth But Induces an
Inflammatory Phenotype in Breast Cancer Cells. BioMed Pharmacother
(2018) 106:247-54. doi: 10.1016/j.biopha.2018.06.126

Kitamura T, Qian BZ, Pollard JW. Immune Cell Promotion of Metastasis.
Nat Rev Immunol (2015) 15(2):73-86. doi: 10.1038/nri3789

Okazaki T, Honjo T. PD-1 and PD-1 Ligands: From Discovery to Clinical
Application. Int Immunol (2007) 19(7):813-24. doi: 10.1093/intimm/
dxmO057

Patel SP, Kurzrock R. PD-L1 Expression as a Predictive Biomarker in Cancer
Immunotherapy. Mol Cancer Ther (2015) 14(4):847-56. doi: 10.1158/1535-
7163.MCT-14-0983

Zou W, Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 Pathway Blockade
for Cancer Therapy: Mechanisms, Response Biomarkers, and Combinations.
Sci Transl Med (2016) 8(328):328rv4. doi: 10.1126/scitranslmed.aad7118
Oishi S, Takano R, Tamura S, Tani S, Iwaizumi M, Hamaya Y, et al. M2
Polarization of Murine Peritoneal Macrophages Induces Regulatory
Cytokine Production and Suppresses T-Cell Proliferation. Immunology
(2016) 149(3):320-8. doi: 10.1111/imm.12647

Salmi S, Siiskonen H, Sironen R, Tyyneld-Korhonen K, Hirschovits-Gerz B,
Valkonen M, et al. The Number and Localization of CD68+ and CD163+
Macrophages in Different Stages of Cutaneous Melanoma. Melanoma Res
(2019) 29(3):237-47. doi: 10.1097/CMR.0000000000000522

Shi Q, Zhao L, Xu C, Zhang L, Zhao H. High Molecular Weight Hyaluronan
Suppresses Macrophage M1 Polarization and Enhances IL-10 Production in
PM2.5-Induced Lung Inflammation. Molecules (2019) 24(9):1766.
doi: 10.3390/molecules24091766

Kim H, Cha J, Jang M, Kim P. Hyaluronic Acid-Based Extracellular Matrix
Triggers Spontaneous M2-Like Polarity of Monocyte/Macrophage. Biomater
Sci (2019) 7(6):2264-71. doi: 10.1039/CIBM00155G

Wu H, Zhang X, Han D, Cao J, Tian J. Tumour-Associated Macrophages
Mediate the Invasion and Metastasis of Bladder Cancer Cells Through
CXCLS8. Peer] (2020) 8:28721. doi: 10.7717/peer;j.8721

Eyre R, Alférez DG, Santiago-Gomez A, Spence K, McConnell JC, Hart C,
et al. Microenvironmental IL1beta Promotes Breast Cancer Metastatic
Colonisation in the Bone via Activation of Wnt Signalling. Nat Commun
(2019) 10(1):5016. doi: 10.1038/s41467-019-12807-0

Brenner D, Blaser H, Mak TW. Regulation of Tumour Necrosis Factor
Signalling: Live or Let Die. Nat Rev Immunol (2015) 15(6):362-74.
doi: 10.1038/nri3834

Poltavets V, Kochetkova M, Pitson SM, Samuel MS. The Role of the
Extracellular Matrix and Its Molecular and Cellular Regulators in Cancer
Cell Plasticity. Front Oncol (2018) 8:431. doi: 10.3389/fonc.2018.00431

Hui L, Chen Y. Tumor Microenvironment: Sanctuary of the Devil. Cancer
Lett (2015) 368(1):7-13. doi: 10.1016/j.canlet.2015.07.039

Naba A, Clauser KR, Hoersch S, Liu H, Carr SA, Hynes RO. The Matrisome:
In Silico Definition and In Vivo Characterization by Proteomics of Normal
and Tumor Extracellular Matrices. Mol Cell Proteomics (2012) 11(4):
M111.014647. doi: 10.1074/mcp.M111.014647

Botti G, Cerrone M, Scognamiglio G, Anniciello A, Ascierto PA, Cantile M.
Microenvironment and Tumor Progression of Melanoma: New Therapeutic
Prospectives. J Immunotoxicol (2013) 10(3):235-52. doi: 10.3109/
1547691X.2012.723767

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 811434


https://doi.org/10.1007/s00262-018-2261-6
https://doi.org/10.1007/s00262-018-2261-6
https://doi.org/10.1074/jbc.M113.515106
https://doi.org/10.1186/1476-9255-10-23
https://doi.org/10.1186/1476-9255-10-23
https://doi.org/10.1038/jid.2011.325
https://doi.org/10.1039/C9BM01636H
https://doi.org/10.1039/C9BM01636H
https://doi.org/10.1080/2162402X.2016.1232235
https://doi.org/10.1080/2162402X.2016.1232235
https://doi.org/10.1016/j.actbio.2016.12.026
https://doi.org/10.1038/nature12234
https://doi.org/10.1007/s00403-012-1300-y
https://doi.org/10.1002/mc.23016
https://doi.org/10.1016/j.semcancer.2019.07.007
https://doi.org/10.3389/fmolb.2019.00160
https://doi.org/10.1038/nature12626
https://doi.org/10.3892/ol.2019.9940
https://doi.org/10.1200/JCO.2006.08.9755
https://doi.org/10.1200/JCO.2006.08.9755
https://doi.org/10.1200/jco.2007.25.18
https://doi.org/10.1200/jco.2007.25.18
https://doi.org/10.1016/j.pathol.2015.12.006
https://doi.org/10.1080/2162402X.2019.1593806
https://doi.org/10.1080/2162402X.2019.1593806
https://doi.org/10.1158/0008-5472.CAN-11-3218
https://doi.org/10.1158/0008-5472.CAN-11-3218
https://doi.org/10.1093/jnci/81.24.1893
https://doi.org/10.1093/jnci/81.24.1893
https://doi.org/10.1111/imm.12976
https://doi.org/10.1111/imm.12976
https://doi.org/10.1002/mc.22750
https://doi.org/10.1016/j.biopha.2018.06.126
https://doi.org/10.1038/nri3789
https://doi.org/10.1093/intimm/dxm057
https://doi.org/10.1093/intimm/dxm057
https://doi.org/10.1158/1535-7163.MCT-14-0983
https://doi.org/10.1158/1535-7163.MCT-14-0983
https://doi.org/10.1126/scitranslmed.aad7118
https://doi.org/10.1111/imm.12647
https://doi.org/10.1097/CMR.0000000000000522
https://doi.org/10.3390/molecules24091766
https://doi.org/10.1039/C9BM00155G
https://doi.org/10.7717/peerj.8721
https://doi.org/10.1038/s41467-019-12807-0
https://doi.org/10.1038/nri3834
https://doi.org/10.3389/fonc.2018.00431
https://doi.org/10.1016/j.canlet.2015.07.039
https://doi.org/10.1074/mcp.M111.014647
https://doi.org/10.3109/1547691X.2012.723767
https://doi.org/10.3109/1547691X.2012.723767
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Takabe et al.

Hyaluronan in Melanomagenesis

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Pickup MW, Mouw JK, Weaver VM. The Extracellular Matrix Modulates the
Hallmarks of Cancer. EMBO Rep (2014) 15(12):1243-53. doi: 10.15252/
embr.201439246

Li Y, Fanous MJ, Kilian KA, Popescu G. Quantitative Phase Imaging Reveals
Matrix Stiffness-Dependent Growth and Migration of Cancer Cells. Sci Rep
(2019) 9(1):248-018-36551-5. doi: 10.1038/s41598-018-36551-5
D’Aguanno S, Mallone F, Marenco M, Del Bufalo D, Moramarco A.
Hypoxia-Dependent Drivers of Melanoma Progression. | Exp Clin Cancer
Res (2021)f 40(1):159-021-01926-6. doi: 10.1186/s13046-021-01926-6
Dratkiewicz E, Simiczyjew A, Mazurkiewicz J, Zietek M, Matkowski R,
Nowak D. Hypoxia and Extracellular Acidification as Drivers of
Melanoma Progression and Drug Resistance. Cells (2021) 10(4):862.
doi: 10.3390/cells10040862

Bedogni B, Powell MB. Hypoxia, Melanocytes and Melanoma - Survival and
Tumor Development in the Permissive Microenvironment of the Skin.
Pigment Cell Melanoma Res (2009) 22(2):166-74. doi: 10.1111/j.1755-
148X.2009.00553.x

Frey K, Fiechter M, Schwager K, Belloni B, Barysch MJ, Neri D, et al.
Different Patterns of Fibronectin and Tenascin-C Splice Variants Expression
in Primary and Metastatic Melanoma Lesions. Exp Dermatol (2011) 20
(8):685-8. doi: 10.1111/j.1600-0625.2011.01314.x

Smetsers TF, van de Westerlo EM, ten Dam GB, Clarijs R, Versteeg EM, van
Geloof WL, et al. Localization and Characterization of Melanoma-Associated
Glycosaminoglycans: Differential Expression of Chondroitin and Heparan
Sulfate Epitopes in Melanoma. Cancer Res (2003) 63(11):2965-70.
Mayorca-Guiliani AE, Madsen CD, Cox TR, Horton ER, Venning FA, Erler
JT.ISDoT: In Situ Decellularization of Tissues for High-Resolution Imaging
and Proteomic Analysis of Native Extracellular Matrix. Nat Med (2017) 23
(7):890-8. doi: 10.1038/nm.4352

Smart JA, Oleksak JE, Hartsough EJ. Cell Adhesion Molecules in Plasticity
and Metastasis. Mol Cancer Res (2021) 19(1):25-37. doi: 10.1158/1541-
7786.MCR-20-0595

Dilshat R, Fock V, Kenny C, Gerritsen I, Lasseur RM]J, Travnickova J, et al.
MITF Reprograms the Extracellular Matrix and Focal Adhesion in
Melanoma. Elife (2021) 10:¢63093. doi: 10.7554/eLife.63093

Tammi MI, Oikari S, Pasonen-Seppanen S, Rilla K, Auvinen P, Tammi RH.
Activated Hyaluronan Metabolism in the Tumor Matrix - Causes and
Consequences. Matrix Biol (2019) 78-79:147-64. doi: 10.1016/j.matbio.
2018.04.012

Bennett MF, Robinson MK, Baron ED, Cooper KD. Skin Immune Systems
and Inflammation: Protector of the Skin or Promoter of Aging? J Investig
Dermatol Symp Proc (2008) 13(1):15-9. doi: 10.1038/jidsymp.2008.3
Villanueva J, Herlyn M. Melanoma and the Tumor Microenvironment. Curr
Oncol Rep (2008) 10(5):439-46. doi: 10.1007/s11912-008-0067-y

Zhou L, Yang K, Andl T, Wickett RR, Zhang Y. Perspective of Targeting
Cancer-Associated Fibroblasts in Melanoma. J Cancer (2015) 6(8):717-26.
doi: 10.7150/jca.10865

Liu D, Pearlman E, Diaconu E, Guo K, Mori H, Haqqi T, et al. Expression of
Hyaluronidase by Tumor Cells Induces Angiogenesis In Vivo. Proc Natl
Acad Sci U S A (1996) 93(15):7832-7. doi: 10.1073/pnas.93.15.7832

Fronza M, Caetano GF, Leite MN, Bitencourt CS, Paula-Silva FW, Andrade
TA, et al. Hyaluronidase Modulates Inflammatory Response and Accelerates
the Cutaneous Wound Healing. PLoS One (2014) 9(11):e112297.
doi: 10.1371/journal.pone.0112297

Tickner JA, Urquhart AJ, Stephenson SA, Richard DJ, O’Byrne K]J. Functions
and Therapeutic Roles of Exosomes in Cancer. Front Oncol (2014) 4:127.
doi: 10.3389/fonc.2014.00127

Arasu UT, Deen AJ, Pasonen-Seppanen S, Heikkinen S, Lalowski M, Karna
R, et al. HAS3-Induced Extracellular Vesicles From Melanoma Cells
Stimulate IHH Mediated C-Myc Upregulation via the Hedgehog Signaling
Pathway in Target Cells. Cell Mol Life Sci (2020) 77(20):4093-115.
doi: 10.1007/500018-019-03399-5

Shelton M, Anene CA, Nsengimana J, Roberts W, Newton-Bishop J, Boyne
JR. The Role of CAF Derived Exosomal microRNAs in the Tumour
Microenvironment of Melanoma. Biochim Biophys Acta Rev Cancer (2021)
1875(1):188456. doi: 10.1016/j.bbcan.2020.188456

Nawaz M, Shah N, Zanetti BR, Maugeri M, Silvestre RN, Fatima F, et al.
Extracellular Vesicles and Matrix Remodeling Enzymes: The Emerging Roles

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

in Extracellular Matrix Remodeling, Progression of Diseases and Tissue
Repair. Cells (2018) 7(10):167. doi: 10.3390/cells7100167

Gershenwald JE, Scolyer RA, Hess KR, Sondak VK, Long GV, Ross MI, et al.
Melanoma Staging: Evidence-Based Changes in the American Joint
Committee on Cancer Eighth Edition Cancer Staging Manual. CA Cancer
] Clin (2017) 67(6):472-92. doi: 10.3322/caac.21409

Sondak VK. Clinical Problems in the Inmunotherapy Surgery and Radiation
Therapy of Melanoma. Am Soc Clin Oncol (2017). Educational book.
Available at: https://ascopubs.org/toc/edbk/37

Thompson JF, Scolyer RA, Kefford RF. Cutaneous Melanoma. Lancet (2005)
365(9460):687-701. doi: 10.1016/S0140-6736(05)17951-3

Han D, Zager JS, Shyr Y, Chen H, Berry LD, Iyengar S, et al.
Clinicopathologic Predictors of Sentinel Lymph Node Metastasis in Thin
Melanoma. J Clin Oncol (2013) 31(35):4387-93. doi: 10.1200/JCO.2013.
50.1114

Eggermont AMM, Blank CU, Mandala M, Long GV, Atkinson V, Dalle S,
et al. Adjuvant Pembrolizumab Versus Placebo in Resected Stage III
Melanoma. N Engl ] Med (2018) 378(19):1789-801. doi: 10.1056/
NEJMoal802357

Hauschild A, Dummer R, Schadendorf D, Santinami M, Atkinson V,
Mandala M, et al. Longer Follow-Up Confirms Relapse-Free Survival
Benefit With Adjuvant Dabrafenib Plus Trametinib in Patients With
Resected BRAF V600-Mutant Stage III Melanoma. J Clin Oncol (2018) 36
(35):3441-9. doi: 10.1200/JCO.18.01219

Weber JS, Mandala M, Del Vecchio M, Gogas H, Arance AM, Cowey CL,
et al. Adjuvant Therapy With Nivolumab (NIVO) Versus Ipilimumab (IPI)
After Complete Resection of Stage III/IV Melanoma: Updated Results From
a Phase III Trial (CheckMate 238). J Clin Oncol (2018) 36(Suppl. 15):9502.
doi: 10.1200/JC0O.2018.36.15_suppl.9502

Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier L, et al.
Nivolumab in Previously Untreated Melanoma Without BRAF Mutation.
N Engl ] Med (2015) 372(4):320-30. doi: 10.1056/NEJMoal412082

Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, et al.
Pembrolizumab Versus Ipilimumab in Advanced Melanoma. N Engl ] Med
(2015) 372(26):2521-32. doi: 10.1056/NEJMoal1503093

Robert C, Karaszewska B, Schachter J, Rutkowski P, Mackiewicz A,
Stroiakovski D, et al. Improved Overall Survival in Melanoma With
Combined Dabrafenib and Trametinib. N Engl ] Med (2015) 372(1):30-9.
doi: 10.1056/NEJMoal412690

Robert C, Ribas A, Schachter J, Arance A, Grob JJ, Mortier L, et al.
Pembrolizumab Versus Ipilimumab in Advanced Melanoma (KEYNOTE-
006): Post-Hoc 5-Year Results From an Open-Label, Multicentre,
Randomised, Controlled, Phase 3 Study. Lancet Oncol (2019) 20(9):1239-
51. doi: 10.1016/S1470-2045(19)30388-2

Hodi FS, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P, Cowey CL,
et al. Nivolumab Plus Ipilimumab or Nivolumab Alone Versus Ipilimumab
Alone in Advanced Melanoma (CheckMate 067): 4-Year Outcomes of a
Multicentre, Randomised, Phase 3 Trial. Lancet Oncol (2018) 19(11):1480-
92. doi: 10.1016/S1470-2045(18)30700-9

Haanen JBAG, Carbonnel F, Robert C, Kerr KM, Peters AU, Larkin J, et al.
Management of Toxicities From Immunotherapy: ESMO Clinical Practice
Guidelines for Diagnosis, Treatment and Follow-Up. Ann Oncol (2018) 29
(Suppl 4):iv264-6. doi: 10.1093/annonc/mdy162

Doroshow DB, Bhalla S, Beasley MB, Sholl LM, Kerr KM, Gnjatic S, et al.
PD-L1 as a Biomarker of Response to Immune-Checkpoint Inhibitors. Nat
Rev Clin Oncol (2021) 18(6):345-62. doi: 10.1038/s41571-021-00473-5
Buder-Bakhaya K, Hassel JC. Biomarkers for Clinical Benefit of Immune
Checkpoint Inhibitor Treatment-A Review From the Melanoma Perspective
and Beyond. Front Immunol (2018) 9:1474. doi: 10.3389/fimmu.2018.01474
Barnes TA, Amir E. HYPE or HOPE: The Prognostic Value of Infiltrating
Immune Cells in Cancer. Br ] Cancer (2017) 117(4):451-60. doi: 10.1038/
bjc.2017.220

Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al.
Genetic Basis for Clinical Response to CTLA-4 Blockade in Melanoma. N
Engl ] Med (2014) 371(23):2189-99. doi: 10.1056/NEJMoa1406498

Lipson EJ, Tawbi HA, Schadendorf D, Ascierto PA, Matamala L, Gutiérrez
EC, et al. Relatlimab (RELA) Plus Nivolumab (NIVO) Versus NIVO in First-
Line Advanced Melanoma: Primary Phase III Results From RELATIVITY-

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 811434


https://doi.org/10.15252/embr.201439246
https://doi.org/10.15252/embr.201439246
https://doi.org/10.1038/s41598-018-36551-5
https://doi.org/10.1186/s13046-021-01926-6
https://doi.org/10.3390/cells10040862
https://doi.org/10.1111/j.1755-148X.2009.00553.x
https://doi.org/10.1111/j.1755-148X.2009.00553.x
https://doi.org/10.1111/j.1600-0625.2011.01314.x
https://doi.org/10.1038/nm.4352
https://doi.org/10.1158/1541-7786.MCR-20-0595
https://doi.org/10.1158/1541-7786.MCR-20-0595
https://doi.org/10.7554/eLife.63093
https://doi.org/10.1016/j.matbio.2018.04.012
https://doi.org/10.1016/j.matbio.2018.04.012
https://doi.org/10.1038/jidsymp.2008.3
https://doi.org/10.1007/s11912-008-0067-y
https://doi.org/10.7150/jca.10865
https://doi.org/10.1073/pnas.93.15.7832
https://doi.org/10.1371/journal.pone.0112297
https://doi.org/10.3389/fonc.2014.00127
https://doi.org/10.1007/s00018-019-03399-5
https://doi.org/10.1016/j.bbcan.2020.188456
https://doi.org/10.3390/cells7100167
https://doi.org/10.3322/caac.21409
https://ascopubs.org/toc/edbk/37
https://doi.org/10.1016/S0140-6736(05)17951-3
https://doi.org/10.1200/JCO.2013.50.1114
https://doi.org/10.1200/JCO.2013.50.1114
https://doi.org/10.1056/NEJMoa1802357
https://doi.org/10.1056/NEJMoa1802357
https://doi.org/10.1200/JCO.18.01219
https://doi.org/10.1200/JCO.2018.36.15_suppl.9502
https://doi.org/10.1056/NEJMoa1412082
https://doi.org/10.1056/NEJMoa1503093
https://doi.org/10.1056/NEJMoa1412690
https://doi.org/10.1016/S1470-2045(19)30388-2
https://doi.org/10.1016/S1470-2045(18)30700-9
https://doi.org/10.1093/annonc/mdy162
https://doi.org/10.1038/s41571-021-00473-5
https://doi.org/10.3389/fimmu.2018.01474
https://doi.org/10.1038/bjc.2017.220
https://doi.org/10.1038/bjc.2017.220
https://doi.org/10.1056/NEJMoa1406498
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Takabe et al.

Hyaluronan in Melanomagenesis

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

047 (CA224-047). J Clin Oncol (2021) 39(Suppl. 15):9503. doi: 10.1200/
JCO.2021.39.15_suppl.9503

van Akkooi ACJ, Haferkamp S, Papa S, Franke V, Pinter A, Weishaupt C,
et al. A Retrospective Chart Review Study of Real-World Use of Talimogene
Laherparepvec in Unresectable Stage IIIB-IVM1la Melanoma in Four
European Countries. Adv Ther (2021) 38(2):1245-62. doi: 10.1007/s12325-
020-01590-w

Johnson DB, Puzanov I, Kelley MC. Talimogene Laherparepvec (T-VEC) for
the Treatment of Advanced Melanoma. Immunotherapy (2015) 7(6):611-9.
doi: 10.2217/imt.15.35

Rodriguez-Cerdeira C, Carnero Gregorio M, Lopez-Barcenas A, Sanchez-
Blanco E, Sanchez-Blanco B, Fabbrocini G, et al. Advances in
Immunotherapy for Melanoma: A Comprehensive Review. Mediators
Inflammation (2017) 2017:3264217. doi: 10.1155/2017/3264217

Sarnaik AA, Hamid O, Khushalani NI, Lewis KD, Medina T, Kluger HM,
et al. Lifileucel, a Tumor-Infiltrating Lymphocyte Therapy, in Metastatic
Melanoma. J Clin Oncol (2021) 39(24):2656-66. doi: 10.1200/JC0O.21.00612
Hosein AN, Brekken RA, Maitra A. Pancreatic Cancer Stroma: An Update
on Therapeutic Targeting Strategies. Nat Rev Gastroenterol Hepatol (2020)
17(8):487-505. doi: 10.1038/s41575-020-0300-1

Sharma NS, Gupta VK, Garrido VT, Hadad R, Durden BC, Kesh K, et al.
Targeting Tumor-Intrinsic Hexosamine Biosynthesis Sensitizes Pancreatic
Cancer to Anti-PD1 Therapy. J Clin Invest (2020) 130(1):451-65.
doi: 10.1172/JCI127515

Singha NC, Nekoroski T, Zhao C, Symons R, Jiang P, Frost GI, et al. Tumor-
Associated Hyaluronan Limits Efficacy of Monoclonal Antibody Therapy.
Mol Cancer Ther (2015) 14(2):523-32. doi: 10.1158/1535-7163.MCT-14-
0580

Hingorani SR, Harris WP, Beck JT, Berdov BA, Wagner SA, Pshevlotsky EM,
et al. Phase Ib Study of PEGylated Recombinant Human Hyaluronidase and
Gemcitabine in Patients With Advanced Pancreatic Cancer. Clin Cancer Res
(2016) 22(12):2848-54. doi: 10.1158/1078-0432.CCR-15-2010

Van Cutsem E, Tempero MA, Sigal D, Oh DY, Fazio N, Macarulla T, et al.
Randomized Phase III Trial of Pegvorhyaluronidase Alfa With Nab-
Paclitaxel Plus Gemcitabine for Patients With Hyaluronan-High
Metastatic Pancreatic Adenocarcinoma. J Clin Oncol (2020) 38(27):3185-
94. doi: 10.1200/JC0O.20.00590

Gao JJ, Osgood CL, Gong Y, Zhang H, Bloomquist EW, Jiang X, et al. FDA
Approval Summary: Pertuzumab, Trastuzumab, and Hyaluronidase-Zzxf
Injection for Subcutaneous Use in Patients With HER2-Positive Breast
Cancer. Clin Cancer Res (2021) 27(8):2126-9. doi: 10.1158/1078-0432.
CCR-20-3474

Blair AB, Kim VM, Muth ST, Saung MT, Lokker N, Blouw B, et al. Dissecting
the Stromal Signaling and Regulation of Myeloid Cells and Memory Effector
T Cells in Pancreatic Cancer. Clin Cancer Res (2019) 25(17):5351-63.
doi: 10.1158/1078-0432.CCR-18-4192

205. He T, Luo Y, Zhang Q, Men Z, Su T, Fan L, et al. Hyalase-Mediated Cascade
Degradation of a Matrix Barrier and Immune Cell Penetration by a
Photothermal Microneedle for Efficient Anticancer Therapy. ACS Appl
Mater Interfaces (2021) 13(23):26790-9. doi: 10.1021/acsami.1c06725

Nagy N, Kuipers HF, Frymoyer AR, Ishak HD, Bollyky JB, Wight TN, et al.
4-Methylumbelliferone Treatment and Hyaluronan Inhibition as a
Therapeutic Strategy in Inflammation, Autoimmunity, and Cancer. Front
Immunol (2015) 6:123. doi: 10.3389/fimmu.2015.00123

Kakizaki I, Kojima K, Takagaki K, Endo M, Kannagi R, Ito M, et al. A Novel
Mechanism for the Inhibition of Hyaluronan Biosynthesis by 4-
Methylumbelliferone. J Biol Chem (2004) 279(32):33281-9. doi: 10.1074/
jbc.M405918200

Kultti A, Pasonen-Seppénen S, Jauhiainen M, Rilla KJ, Kérnd R, Py6rid E,
et al. 4-Methylumbelliferone Inhibits Hyaluronan Synthesis by Depletion of
Cellular UDP-Glucuronic Acid and Downregulation of Hyaluronan
Synthase 2 and 3. Exp Cell Res (2009) 315(11):1914-23. doi: 10.1016/
j.yexcr.2009.03.002

Edward M, Quinn JA, Pasonen-Seppanen SM, McCann BA, Tammi RH. 4-
Methylumbelliferone Inhibits Tumour Cell Growth and the Activation of
Stromal Hyaluronan Synthesis by Melanoma Cell-Derived Factors. Br |
Dermatol (2010) 162(6):1224-32. doi: 10.1111/j.1365-2133.2010.09699.x
Steen EH, Short WD, Li H, Parikh UM, Blum A, Templeman N, et al. Skin-
Specific Knockdown of Hyaluronan in Mice by an Optimized Topical 4-
Methylumbelliferone Formulation. Drug Delivery (2021) 28(1):422-32.
doi: 10.1080/10717544.2021.1886376

Trager MH, Queen D, Samie FH, Carvajal RD, Bickers DR, Geskin LJ.
Advances in Prevention and Surveillance of Cutaneous Malignancies. Am |
Med (2020) 133(4):417-23. doi: 10.1016/j.amjmed.2019.10.008

206.

207.

208.

209.

210.

211.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Takabe, Siiskonen, Ronkd, Kainulainen and Pasonen-Seppdnen.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology | www.frontiersin.org

January 2022 | Volume 11 | Article 811434


https://doi.org/10.1200/JCO.2021.39.15_suppl.9503
https://doi.org/10.1200/JCO.2021.39.15_suppl.9503
https://doi.org/10.1007/s12325-020-01590-w
https://doi.org/10.1007/s12325-020-01590-w
https://doi.org/10.2217/imt.15.35
https://doi.org/10.1155/2017/3264217
https://doi.org/10.1200/JCO.21.00612
https://doi.org/10.1038/s41575-020-0300-1
https://doi.org/10.1172/JCI127515
https://doi.org/10.1158/1535-7163.MCT-14-0580
https://doi.org/10.1158/1535-7163.MCT-14-0580
https://doi.org/10.1158/1078-0432.CCR-15-2010
https://doi.org/10.1200/JCO.20.00590
https://doi.org/10.1158/1078-0432.CCR-20-3474
https://doi.org/10.1158/1078-0432.CCR-20-3474
https://doi.org/10.1158/1078-0432.CCR-18-4192
https://doi.org/10.1021/acsami.1c06725
https://doi.org/10.3389/fimmu.2015.00123
https://doi.org/10.1074/jbc.M405918200
https://doi.org/10.1074/jbc.M405918200
https://doi.org/10.1016/j.yexcr.2009.03.002
https://doi.org/10.1016/j.yexcr.2009.03.002
https://doi.org/10.1111/j.1365-2133.2010.09699.x
https://doi.org/10.1080/10717544.2021.1886376
https://doi.org/10.1016/j.amjmed.2019.10.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	The Impact of Hyaluronan on Tumor Progression in Cutaneous Melanoma
	Introduction
	Cutaneous Melanoma
	The Structure of Skin and Melanocytes
	The Classification of Melanoma
	Melanoma-Associated Mutations
	Melanomagenesis
	Factors Affecting Melanomagenesis

	Hyaluronan
	Hyaluronan and Its Synthesis
	Hyaluronan in Cancer
	The Effects of UVB on Hyaluronan Metabolism
	Hyaluronan in Inflammatory Reactions

	Melanoma Tumor Microenvironment
	Composition of Different Cell Types in the Tumor Microenvironment
	Extracellular Matrix in Melanoma
	Melanoma-Stroma Interaction
	Therapeutic Approaches in Melanoma

	Therapeutically Targeting Hyaluronan in MELANOMA
	Conclusions and Future Perspectives
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


