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Introduction

For decades cancer has been considered a disease of aging, owing
to the increased incidence of cancer among individuals over 60.
Concomitantly, the mechanistic hallmarks of aging reflect those
of cancer (1), and we are just beginning to understand how age-
related changes in noncancerous cells — namely the normal cells
of the tumor microenvironment (TME) — impact cancer progres-
sion. Recent studies have revealed that chronological aging drives
phenotypic changes in the cellular constituents of the stroma and
the immune microenvironments that promote tumor progression
(2). From these findings, we now understand that we must consid-
er age-related changes in the TME when validating putative thera-
peutic targets in the preclinical and clinical setting.

To date, the study of aging and the TME has focused predom-
inantly on chronological aging (2-4). However, cellular “aging”
occurs not only due to the intrinsic biological changes over time,
but also due to extrinsic factors such as pollution, tobacco smoke,
and ultraviolet radiation (UVR). Repeated exposure to these factors
accelerates the aging process, inducing cells to adopt an aged pheno-
type in advance of their intrinsic biological clock — a phenomenon
known as “premature aging” (5). Repeated exposure to UVR, called
photoaging, is of particular importance as it accounts for approx-
imately 80% of facial aging (6). Although the physical features of
premature aging due to UVR have been characterized (7), a consen-
sus about the molecular drivers of premature aging and how they
are similar to or different from chronological aging is still lacking.
Furthermore, preclinical studies have yet to explore how premature
aging of the TME due to extrinsic factors impacts tumor progression.
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Continued thinning of the atmospheric ozone, which protects the earth from damaging ultraviolet radiation (UVR), will result

in elevated levels of UVR reaching the earth’s surface, leading to a drastic increase in the incidence of skin cancer. In addition to
promoting carcinogenesis in skin cells, UVR is a potent extrinsic driver of age-related changes in the skin known as “photoaging.”
We are in the preliminary stages of understanding of the role of intrinsic aging in melanoma, and the tumor-permissive effects
of photoaging on the skin microenvironment remain largely unexplored. In this Review, we provide an overview of the impact

of UVR on the skin microenvironment, addressing changes that converge or diverge with those observed in intrinsic aging.
Intrinsic and extrinsic aging promote phenotypic changes to skin cell populations that alter fundamental processes such as
melanogenesis, extracellular matrix deposition, inflammation, and immune response. Given the relevance of these processes in
cancer, we discuss how photoaging might render the skin microenvironment permissive to melanoma progression.

Most of our understanding concerning the effects of prema-
ture aging derives from observations about the changes in the skin,
which has long been considered the physiological mirror of aging
(8, 9). Clinical features of extrinsically driven premature aging
include skin thinning, loss of elasticity, aberrant pigmentation,
loss of subcutaneous fat in the extremities, and sustained inflam-
matory response (10, 11). Although there are substantial gaps in our
understanding of the molecular underpinnings of these symptoms,
they each are characterized by alterations in the skin microenviron-
ment. Notably, modifications to the skin microenvironment due to
chronological aging are now considered a contributing factor to the
growth and spread of melanoma — the most aggressive form of skin
cancer, accounting for the majority of all skin cancer-related deaths
(12). These current findings and the known overlaps between the
hallmarks of aging and the hallmarks of cancer (Figure 1) lead us to
propose that microenvironment changes in the skin due to prema-
ture aging can also influence melanoma progression.

Clinical and molecular features of photoaging

in the skin microenvironment

Chronic exposure to UVR is strongly associated with increased
risk of melanoma (13); however, between 2006 and 2015, mela-
noma incidence decreased among individuals less than 50 years
old, likely because of abundant public health campaigns encour-
aging sun-protective behavior (14). Although declining melanoma
incidence occurs in the adolescent and young adult populations,
melanoma incidence starkly increases for older adults, reinforc-
ing that patient age is a negative prognostic indicator for melano-
ma survival (14, 15). Recent studies have sought to determine the
effects of the intrinsically aged TME on cancer progression (2, 16),
but these effects are likely compounded by the reality that the skin
of aging patients has sustained years of UVR exposure. Tissue that
has been repeatedly exposed to UVR will show a distinct aging
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Figure 1. Similar and diverging features of the hallmarks of aging and cancer. There are many features of the hallmarks of aging, as described in ref. 2 and
ref. 197, that can lead to changes in the microenvironment that are permissive of tumor growth. Persistent alterations to intercellular communication and
deregulated nutrient signaling that arise with aging can promote proliferative signaling and evasion of growth suppression, both of which are hallmarks of
cancer as described in ref. 127. Additional features equivalent between these two processes include genomic instability, deregulated cell energy processes,
and chronic inflammation. However, unlike cancer, the aging cell population is also characterized by mechanisms that shorten cellular lifespan, such as
stem cell exhaustion, cellular senescence, and telomere attrition. In contrast, cancer cells acquire the ability to constitutively activate prosurvival pathways
that resist cell death and allow the transformed cells to avoid immune destruction and to enable replicative immunity. The hallmarks listed in the shaded

areas were previously described as unigue to aging or cancer.

phenotype called photoaging. Pathophysiology of photoaging is
clinically recognized by the changes that occur to the UVR-ex-
posed skin, such as actinic elastosis, or wrinkling, and aberrant
pigmentation “sun spots,” which also correspond to alterations in
the tissue microenvironment.

Each class of UV wavelengths has different energetics, which
impacts how UVR is absorbed by the skin microenvironment.
Solar UVR consists of low-energy UVA (315-400 nm), medi-
um-energy UVB (280-315 nm), and high-energy UVC (100-280
nm) (17); however, in considering the impact of UVR on the skin
microenvironment, UVA and UVB radiation are of primary impor-
tance, as solar UVC is completely absorbed by the stratospheric
ozone (18, 19). Given the differing energetics between UVA and
UVB wavelengths, it is unsurprising that each has a different abil-
ity to penetrate the skin. Although both UVA and UVB radiation
can penetrate the surface epithelium of the skin (epidermis), the
longer UVA wavelength penetrates the deeper layers of the skin
(dermis) to a much greater extent than shorter-wavelength UVB
radiation (20). The varying ability of UVA and UVB to penetrate
layers of the skin poses interesting questions about whether these
two UVR wavelengths have differing effects on the skin microen-
vironment. By comparing the biological impact of repeated skin
exposure to UVA and UVB in a mouse model, Wang et al. showed
that UVA primarily induced changes in the dermis, promoting oxi-
dative damage in DNA, collagen fiber breakdown, and apoptosis
of fibroblasts that led to inflammation (21). In contrast, UVB pri-
marily affected keratinocyte proliferation, induced protein carbo-
nylation, and increased oncogenic risk (21). An important consid-
eration is that this study used nude mice, which are a transgenic
mouse model lacking expression of Foxnl, a mutation that leads
to the hairless phenotype and other skin defects (22). Given that
melanin production in mice has been associated with the deliv-
ery of melanin to cells expressing Foxnl (23), this model may not
account for the role of melanin in mediating these changes in the

skin microenvironment. Nevertheless, it is evident that repeat-
ed exposure to either UVA or UVB has potent effects on the skin
microenvironment that can impact aging and cancer progression.

The photoaged microenvironment and
melanoma progression

Numerous studies demonstrate how signaling between fibroblasts
and melanocytes influences melanoma progression (24-26); how-
ever, the role of cell-cell communication between melanocytes and
keratinocytes in early tumorigenesis is less frequently discussed.
Although in situ melanoma is associated with the longest 5-year
survival and lowest risk of reoccurrence (27), the phenotypic shifts
and molecular transitions that occur in the tumor cells at this ear-
ly stage should not be overlooked, as they can also contribute to
converting minimally invasive melanoma cells to highly aggressive
cells, capable of invading into the skin dermis. Recently, Mescher
et al. uncovered a novel tumor-suppressive mechanism that relies
upon melanocyte-keratinocyte interaction (28). In this study, kerat-
inocyte-specific expression of Par3, an integral member of the Par3/
aPKC/Par6 cell polarity regulatory complex, promoted melanocyte
proliferation and differentiation; in contrast, loss of this protein
in keratinocytes promoted melanocyte transformation, invasion,
and metastasis (28). An alternative explanation for melanoma cell
invasion into the dermis identifies keratinocyte expression of Notch
ligands as the culprit. In the absence of Notch ligands, MITF, the
master transcriptional regulator of melanocyte lineage-related
genes, binds to and represses the microRNA miR-222/221 (29);
however, as the tumor grows, it encounters distal differentiated
Notch ligand-expressing keratinocytes, activating Notch receptor
on the transformed melanocytes. When activated, the intracellular
domain of Notch interferes with MITF binding to miR-222/221 —
an alteration that initiates further invasion (29). In both examples,
the tumor-supporting role of keratinocytes in the skin microenvi-
ronment depends on a physical interaction between melanocytes
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Figure 2. Immunosuppression associated with UV-mediated photoaging. As a direct result of UVR,
several immunosuppressive factors are produced. These include cis-UCA; vitamin D; platelet-activating
factor receptor (PAF-R) agonists and platelet-like ligands; and AhR ligands such as FICZ. These factors
cause the release of cytokines such as histamine, prostaglandin E, (PGE,), TNF, and IL-10 (198) and IL-33
(199) from mast cells and keratinocytes and influence the differentiation of CD4* T cells to an immuno-
suppressive phenotype. Vitamin D influences the differentiation of monocytes to macrophages and DCs
by downregulating the vitamin D receptor, resulting in decreased DC maturation; and by downregulating
costimulatory molecules, thus reducing antigen-presenting ability. Vitamin D is also reported to influ-
ence immunosuppression via keratinocytes, Tregs, and mast cells. Cis-UCA has potent immunosuppres-
sive effects mediated through numerous dermal cells via the serotonin receptor on, but not limited to,
mast cells and keratinocytes. Cis-UCA interacts with dermal mast cells to frequently induce degranula-
tion of both histamine and PGE,. Cis-UCA is able to stimulate the release of TNF-o, from keratinocytes,
preventing Langerhans cells from migrating to lymph nodes and presenting antigen to T cells; as well as
to stimulate production of PGE,. UV-mediated damage to keratinocytes produces PAFs to also release
PGE,, as well as IL-10 and TNF. Absorption of UVB by tryptophan produces AhR ligands, including FICZ
and TCDD, that signal through keratinocytes and T cells. AhR ligands upregulate COX-2 in keratino-
cytes, resulting in increased production of PGE,, which influences the recruitment of Tregs. AhR ligands
also influence T cells via adaptive and regulatory-like T cells (induced Tregs and Tr1 cells). AhR ligands
enhance the production of IL-10 from naive CD4* T cells. AhR ligands along with TGF-$ are also able to
induce suppressive T cell phenotypes via the upregulation of FOXP3 either via Smad1 or potentially via
direct binding of AhR to the FOXP3 promoter.
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repeated sun exposure and thought to be a
manifestation of photoaging (37, 38). Inter-
estingly, nonsolar age-related changes in
melanocytes and melanin expression show
an inverse association. Hair graying occurs
in all individuals independent of sun expo-
sure and results from the progressive loss
of hair follicular melanocytes with age (39).
Similarly, studies have demonstrated that
melanin-producing melanocytes decrease
by 10% to 20% per decade (37,40-42). Asa
result, sun-protected aged skin has reduced
skin pigmentation and tanning response
after UV exposure (37, 43, 44). Although
more research is needed to discern the
solar-induced versus intrinsic aging-relat-
ed differences in melanin production, giv-
en these findings, we can appreciate that
aged skin is characterized by both regional
increases in melanin deposits and global
decreases in melanin synthesis. Notably,
the role of melanin in tumor progression
has long been debated. The complexity of
the issue may be partially attributed to the
diversity of melanin subtypes in human
skin. Each skin type is characterized by
differing ratios of two melanin subtypes,
eumelanin and pheomelanin. Furthermore,
it has recently been observed that the ratio
of expression of each subtype can differen-
tially impact photosensitivity and UV-in-
duced tumorigenesis (45-47). Alternative-
ly, a recent study approached the question
from a different perspective, evaluating the
impact of melanin on the elastic properties
and physical mobility of melanoma cells.
Sarna et al. used an in vivo melanoma mod-
el to demonstrate that high melanin expres-
sion acted as a mechanical inhibitor of
invasion and metastasis (48). Although the
pigmented cells in this study expressed both
melanin subtypes, their findings are sup-
ported by an observed clinical association
between melanin pigmentation and mel-
anoma aggressiveness, with worse patient
survival in amelanotic melanoma (49).

and keratinocytes. However, paracrine signals from cells in the
TME greatly impact tumor progression (30-33), and thus the role of
keratinocytes in melanoma invasion should be further investigated.

Melanin synthesis

Skin dyspigmentation is a commonly observed feature of aging.
Clinically, these changes are known as solar lentigines (SLs), which
are hyperpigmented spots in the skin. Hyperpigmentation of this
nature occurs due to increased melanin synthesis by melanocytes,
and subsequent increased melanosome transfer and accumula-
tion in keratinocytes (34-36). SL deposits are found in areas of
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Given that increased melanin production in melanocytes can
lead to a stiffer cell body and reduced invasive properties (48),
UVR-induced hyperpigmentation in SLs would appear to sup-
press tumor growth. However, melanogenic factors secreted by
cells in the skin microenvironment may promote tumor growth
through melanin-independent mechanisms. Research comparing
SL lesions with perilesional sun-exposed skin has helped identify
putative biomarkers of UVR-induced SLs. These include increases
in factors secreted by keratinocytes and fibroblasts, such as stem
cell factor (SCF; refs. 50, 51), hepatocyte growth factor (HGF; ref.
51), and sFRP2 (52). Given the hyperpigmented appearance of SLs,
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Figure 3. Differences between the chronologically aged and photoaged skin microenvironments. A summary of key differences between chronologically
aged (A) and photoaged (B) skin as described in “The photoaged microenvironment and melanoma progression.” Intrinsic aging is associated with decreas-
es in melanocyte proliferation and melanogenesis, resulting in hypopigmentation of the epidermis. In contrast, UVR-exposed keratinocytes induce mela-
nogenesis, thereby causing regions of hyperpigmentation clinically recognized as “sun spots.” Both the intrinsically aged and the photoaged fibroblasts of
the dermal skin layer express SASP and increased production of MMPs, which leads to collagen breakdown and ECM remodeling. The mechanisms driving
spontaneous collagen fragmentation in intrinsically aged skin remain largely unknown. However, in photoaged fibroblasts, this process is thought to be
mediated by an increased hyaluronic acid depolymerization by HYBID and downregulation of collagen production by altered miRNAs and circRNAs.

itis unsurprising that each of these markers is a potent activator of
melanogenesis; however, the regulatory role of these molecular
mediators of SLs is not limited to melanin synthesis. For example,
in addition to melanogenesis, melanocytes depend significant-
ly on the activation of the c-KIT receptor by its ligand SCF (also
known as c-KIT ligand) for growth, differentiation, and migration
(53,54). Aberrant KIT signaling induces tumor growth and metas-
tasis in many tumor types (55-57) due to the ability of cancer cells
to utilize SCF/c-KIT signaling to activate oncogenic pathways such
as Ras and PI3K (56). KIT inhibitors have recently been explored
as a therapeutic target in melanoma (58, 59), as mutations in KIT
are potent oncogenic drivers in the acral, mucosal, and chronically
sun-damaged subtypes of this disease (60, 61).

Like SCEF/c-KIT signaling, HGF signaling is important for
melanocytes beyond promoting melanogenesis. Signal trans-
duction through the HGF receptor c-MET protects melanocytes
from apoptosis (62) and promotes proliferation and motility (63).
Consequently, HGF/scatter factor-transgenic mice have been
frequently used as an experimental model to investigate the con-
sequence of chronic UV exposure (64), as well as to study UV-in-
duced melanomagenesis (65, 66). Additionally, HGF/c-MET sig-
naling, which has an established role in carcinogenesis (67), has
been explored as a therapeutic target in metastatic melanoma
(68, 69). The role of aberrant KIT and c-MET signaling in the pro-
gression of some melanoma subtypes calls into question wheth-
er keratinocytes and fibroblasts present in UVR-induced SLs are
secreting abundant SCF and HGF into the microenvironment
that can drive the growth of cancer cells with these mutations.

As mentioned previously, hyperpigmentation of the skin
appears as a feature of aged skin that is specific to photoaging
rather than chronological aging; however, recent work from our
laboratory demonstrated that sFRP2, a soluble moderator of
WNT signaling, is abundantly expressed in chronologically aged
dermal fibroblasts from patient donors without a tanning history
(70), suggesting overlapping mechanisms between intrinsic and
extrinsic aging. Exogenous expression of sFRP2 in young fibro-
blasts induced changes in the TME that accelerated melanoma
progression in vitro and in vivo (70). The observed increases in
sFRP2-photoaged and chronologically aged skin, as well as its role
in cancer progression, spotlights sFRP2 as a melanogenic factor
with the potential to accelerate malignant states; nevertheless,
further studies are required to fully elucidate how age-related
alterations in WNT signaling contribute to melanoma progression.

Senescence/SASP

Senescence is commonly used as a hallmark of chronological
aging and has been used both in vitro and in vivo to study aging in
fibroblasts (71). Although context-dependent differences between
oncology-induced senescence and age-induced senescence exist
(2), in either case, the activation of senescence programming has
grave implications for the development of malignancies, espe-
cially in the elderly population. Previous studies demonstrated
decreased fibroblast number and proliferation with age (72-74),
thereby suggesting that an aged microenvironment consists of
primarily senescent cell populations (2). The senescent cells of a
tissue microenvironment are characterized by a senescence-as-

J Clin Invest. 2021;131(6):e143763 https://doi.org/10.1172/|C1143763


https://www.jci.org
https://doi.org/10.1172/JCI143763

The Journal of Clinical Investigation

sociated secretory phenotype (SASP), which includes secretion
of members of the interleukin family (IL-6, IL-8, IL-10) as well
as granulocyte-macrophage colony-stimulating factor (GM-CSF;
refs. 71, 75, 76), among other factors. Senescent fibroblasts and
many of these SASP factors can induce cancer cell proliferation
and invasion (26, 77-79). SASP-associated fibroblasts can also
undergo substantial changes in metabolic pathways resulting in
increased synthesis of nitric oxide, reactive oxygen species (ROS),
and high-energy metabolites such as lactate, ketones, and gluta-
mine (80-83). Metabolites such as these have been implicated in
regulating the interaction between immune and cancer cells and
thus influencing response to anticancer therapies (84). Therefore,
we can expect that any stimuli inducing alterations in senescence
and SASP in the cellular constituents of the TME will accelerate
both aging and cancer progression.

For many years, UVR and photoaging have been considered
potent inducers of cellular senescence in both keratinocytes
and fibroblasts (85); however, we have yet to understand the
ways in which UVR-induced senescence is similar to or differ-
ent from age-related senescence. The issue becomes further
convoluted given the fact that extrinsic factors such as UVR are
used to induce senescence in aging studies, as they accelerate
the “aging” process, and there are limited methods for study-
ing intrinsic aging and senescence in vitro. Nevertheless, there
are similarities and differences that have been discerned. For
example, telomere shortening is a commonly identified feature
of chronological aging (86). Although telomere shortening was
initially suggested to be a shared pathway of both chronologi-
cal aging and photoaging (87), the issue remains unclear given
subsequent contradicting evidence. One study comparing telo-
mere length between sun-exposed and sun-protected epidermal
samples failed to observe telomere shortening due to photoaging
(88). Conversely, more recent studies have identified UVA-spe-
cific irradiation-induced telomere shortening in irradiated fibro-
blasts (89, 90). Given the fact that telomere shortening is one
of the primary hallmarks of aging and a driver of cellular senes-
cence, more work is required to further elucidate the role of telo-
mere shortening in photoaging.

MicroRNA (miRNA) expression is yet another senescence-reg-
ulating mechanism that may be different between photoaged and
chronologically aged skin. The role of miRNAs in senescence has
begun to be understood (91), which is compelling given the recent
identification of a unique miRNA signature for photoaged epi-
dermis (92). Srivastava et al. used microarray analysis of biopsies
collected from sun-exposed and sun-protected regions of young
and aged individuals and found an upregulation of miR-383, -145,
and -34a and downregulation of miR-6879, -3648, and -663b in
photoaged skin that were not observed in chronological aging (92).
The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment of target genes of the miRNAs in this signature identi-
fied enrichment of many pathways, including differentiation and
senescence (92). Given these findings, the genetic outcomes of
these UVR-induced miRNA alterations should be further explored
and compared with those in recent studies characterizing chrono-
logical aging-induced cellular senescence (93). Such a compara-
tive analysis would provide important insights into the senescence
mechanisms unique to intrinsic and extrinsic aging.
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Although there are undoubtedly some differences in senes-
cence programs between intrinsic and extrinsically aged skin,
Cavinato and Jansen-Dirr recently described that, in both
instances, senescence could be attributed to alterations in pro-
tein quality mechanisms (94). The photoaging studies present-
ed in this Review show that, as with chronological aging, both
decreased proteasome activity and increased autophagic activity
are involved in UVR-mediated senescence (94).

Extracellular matrix remodeling

The extracellular matrix (ECM) is an acellular three-dimensional
network that serves a dual purpose in tissue homeostasis. This net-
work consists primarily of fibrous proteins that provide the mechan-
ical support necessary to maintain the structural integrity of the
tissue. In addition, the structural proteins of the ECM also serve as
a scaffolding for the cell, and protein trafficking that occurs during
cell-cell communication and differentiation (95-97). The skin ECM
consists predominantly of collagen and elastin, which are tightly
bound and interwoven with one another by a specialized glycosami-
noglycan called hyaluronic acid (HA). The integrity of this structural
network decreases during both chronological aging and photoaging,
as evidenced by the increased occurrence of skin wrinkling in both
cases. Intrinsic aging and photoaging induce collagen fragmenta-
tion (98-100) and reductions in collagen density (101-103), as well
as reduction of turnover of the collagen cross-linking proteins fib-
ulin, fibrillin, elastin (104-110), and HA (111-114). Although simi-
larities exist in the types of alterations that occur with intrinsic and
UVR-mediated extrinsic aging, there are visible differences between
chronologically aged and photoaged skin. Chronologically aged skin
appears dry, lacks elasticity, and features thin, fine wrinkles (100). In
contrast, photoaged skin is characterized by a thickened epidermis
that is waxy in appearance and deep, coarse wrinkles (100, 115). The
differing appearance of intrinsic and extrinsically aged skin raises
questions about potential differences in the molecular mechanisms
driving the underlying ECM changes in each process. Unfortunately,
given the fact that all skin receives some degree of UVR exposure,
many of these questions remain unanswered, as the effects of intrin-
sic and extrinsic aging on the ECM are often superimposed with one
another, making it a challenge to distinguish between purely biolog-
ical and UVR-related ECM changes with age.

For intrinsic aging, ECM remodeling is primarily attributed to the
age-related conferring of SASP by fibroblasts; therefore, alterations
to the secretome of fibroblasts, the dermal cells responsible for build-
ing the ECM, will ultimately impact ECM deposition. Matrix metal-
loproteinases (MMPs) are ECM-degrading proteases present in the
secretome of SASP-expressing fibroblasts (116, 117), and the activity
of many of these SASP-associated MMPs is increased with biological
age (117). In addition to increased synthesis of MMPs, aged fibroblasts
also show increases in ROS accumulation and DNA damage (118),
which may also lead to ECM remodeling (119). Beyond the age-related
changes in fibroblast phenotype and function, the molecular media-
tors of intrinsic ECM remodeling remain mostly unexplored.

Alterations in MMP expression are frequently implicated in
UVR-mediated ECM remodeling (120); however, MMP-indepen-
dent mechanisms of ECM remodeling have also been associated
with photoaging. Given the observed degradation of HA in both
intrinsically and extrinsically aged ECM, the expression of HA-reg-
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ulating proteins by fibroblasts has also been investigated in the
context of photoaging. Yoshida and Okada describe a newly dis-
covered HA-degrading mechanism mediated by hyaluronan-bind-
ing protein involved in hyaluronan depolymerization (HYBID; also
known as KIAA119 and CEMIP; ref. 121). In alignment with previ-
ous studies that have demonstrated reductions in HA in photoaged
skin, this group found that HYBID is overexpressed in photoaged
skin and posit this mechanism as an additional explanation for
UVR-mediated ECM remodeling (121). Finally, miRNAs and cir-
cular RNAs (circRNAs) have also been linked with collagen degra-
dation. The Lai research group recently proposed a novel regulator
of collagen production in fibroblasts that are altered in the context
of UVR. Their studies have shown that UVA promotes the down-
regulation of circCOL3A1-859267, which normally binds to and
sequesters miR-29¢, thereby derepressing the collagen-encoding
gene COLIAI (122). Subsequently, they suggested that downregu-
lation of this circRNA results in miR-29¢ binding to COL3A1 and
inhibition of collagen production (123).

Much of the research pertaining to ECM remodeling and
cancer progression focuses on the mechanisms used by invading
cancer cells to exploit the ECM for their own benefit (124, 125).
However, given the ECM alterations that occur with both aging
and photoaging, it is important not to overlook the scenario
wherein cancer cells invade a dermal compartment with preex-
isting alterations to the ECM. Research from our laboratory has
demonstrated that the intrinsically remodeled ECM alone can be
permissive of melanoma growth and metastasis (126). With these
findings, we now understand that ECM remodeling is not only a
consequence of malignant cell invasion, but also an age-related
change that can increase the aggressiveness of a tumor. Although
this realization has generated further interest in studying underly-
ing mechanisms of ECM remodeled as a result of biological aging,
given the ECM remodeling shown in photoaging, the mechanisms
driving UVR-related ECM degradation are also a pertinent area of
research in the context of melanoma.

Inflammation

Inflammation is another systemic alteration that is a hallmark of
aging (2) and is associated with tumorigenesis and cancer pro-
gression (127). During chronological aging, the body undergoes a
progressive increase in systemic low-grade chronic inflammation,
a process known as “inflammaging” (2, 128, 129). This aging-in-
duced increase in inflammation is marked by an increase in sys-
temic levels of numerous inflammatory cytokines, including IL-1,
IL-6, and IL-33, as well as TNF, IFN-y, and GM-CSF (130, 131).
Given our understanding that microenvironments rich in proin-
flammatory factors can lead to activation of the stroma, thereby
increasing the risk of cancer progression (132), dysregulation of
the inflammatory response presents another example of how can-
cer risk increases with age.

Sunburn, or solar erythema, is the clinical manifestation of
the acute response of the skin microenvironment to UVR, and,
more specifically, UVB. UVB-induced erythema is caused by
the release of proinflammatory cytokines from both keratino-
cytes and fibroblasts (133-135); however, there are a few differ-
ent models for the molecular mechanisms that regulate the acute
inflammatory response. One study suggests that the response
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of keratinocytes to UVB is regulated by the tyrosine kinase Src
(136), while others have highlighted the NLRP family of inflam-
masomes as the primary driver (137). Alternatively, Wang et
al. used solar-simulated UVR to show that the UV inflammato-
ry response is mediated by cyclooxygenases (COXs; ref. 138).
Unlike inflammasomes and COXs, which are known to regulate
proinflammatory cytokines, the circadian-based inflammatory
response has only recently been explored (139-142) and is not
yet fully understood in the context of the skin. Recent work has
demonstrated a molecular link between UVR-induced dysregu-
lation of circadian genes and the UVR-mediated inflammatory
response in the keratinocytes (143). Park et al. recently observed
that UVB downregulated both circadian locomotor output cycles
kaput (CLOCK) and tissue inhibitor of metalloprotease 3 (TIMP-
3), which concurrently lead to an upregulation of MMP-1 and the
proinflammatory cytokines TNF-a and IL-8 (143).

Although these findings suggest putative mediators of
UVR-mediated inflammation, the UVR irradiation methods used
in these studies do not fully recapitulate the photoaging phenom-
enon, as each study used single-dose irradiation, with the exper-
imental endpoints within 24-48 hours after this dose. Given the
association of sustained inflammation with both aging and cancer,
it is crucial to understand whether repeated UVR exposure — and
thus the photoaged phenotype — is characterized by chronic, rath-
er than acute, inflammation of the skin microenvironment. Some
studies have used mouse models of photoaging to begin to address
this question (144, 145). These studies provide preliminary evi-
dence that chronic inflammation of the skin microenvironment
may be a feature of photoaging; however, further research is need-
ed to determine whether photoaging recapitulates the “inflam-
maging” phenotype, and, if so, whether this alteration can facili-
tate melanoma progression.

UVR-induced immunosuppression in the skin
microenvironment

UVR is a potent suppressor of the immune system. UVR-mediat-
ed effects are directed through a number of chromophores that
elicit their effects predominantly through the mediation of spe-
cific leukocytes and cytokines (Figure 2). The first study to link
UV-mediated immunosuppression and cancer progression was
published in 1974 by Kripke et al. (146). Kripke et al. showed that
UV-induced tumors transplanted into irradiated mice continued
growing, whereas these tumors were rejected when transplanted
into immunocompetent mice, which was later confirmed to be an
immune-mediated reaction (147). Further evidence of immune
protection against tumor formation in the skin is demonstrated
by an increased incidence of skin cancers in transplant patients on
immunosuppressive therapies (148-150). Therefore, the combina-
tion of UV immunosuppression and photoaging will place individ-
uals chronically exposed to UVR in a significantly increased risk
category for melanoma.

Cis-urocanic acid

Urocanic acid (UCA) is a photoreceptor in the stratum corneum
that, upon exposure to UVB, is isomerized from trans-UCA to the
immunosuppressive imidazole derivative cis-UCA (151). Histidin-
emic mice (which have less than 10% skin UCA) have impaired
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contact hypersensitivity (CHS) suppression following UV expo-
sure (152), whereas mice fed a metabolic precursor of UCA have
increased suppression (153). Although cis-UCA has been reported
to influence other cells through the 5-HT2A serotonin receptor
(154), many effects are mediated via mast cells, which themselves
have a positive correlation with melanoma aggressiveness as well
as sun-exposed skin.

Skin from sun-exposed sites has increased elastosis, which
correlates both with the number of mast cells and with age
(155). Noonan and Hoffman discovered that suppression of CHS
responses required lower doses of UVB in C57BL/6 mice than
in BALB/c mice (156). This differing UVB sensitivity between
mouse strains is linked to the numbers of dermal mast cells, as
the C57BL/6 strain has more dermal mast cells compared with
BALB/c mice (157). Further evidence of this interaction is shown
by a cis-UCA antibody inhibiting UVB-mediated CHS by 60%,
whereas the administration of histamine suppresses CHS (158).
Immunosuppressive effects of histamine are not affected by
cis-UCA antibodies, suggesting that histamine is a downstream
effect of cis-UCA (158). However, antagonists of the histamine
receptor inhibited immunosuppression in both UVB- and cis-
UCA-induced CHS (158). Genetic knockdown of mast cells
renders animals unresponsive to UVB immunosuppression, but
once reconstituted with bone marrow-derived mast cell precur-
sors, they become resensitized and susceptible to UVB (157).
This finding provides a link between the release of histamine
from dermal mast cells, triggered through cis-UCA and UVB-me-
diated immunosuppression.

Some studies have demonstrated that mast cells gradually
decrease with age, whereas exposure to UV increases the number
of these cells (159). Alternative studies have suggested that mast
cells increase with age (160). However, these data indicate that
degranulation of mast cells decreases with age, whereas UVR caus-
es rapid degranulation of histamine and prostaglandin E, (161).
This suggests that UV exposure to aged individuals could not only
cause increased mast cells but increase degranulation of immuno-
suppressive cytokines, promoting a protumor environment.

The aryl hydrocarbon receptor

Although the aryl hydrocarbon receptor (AhR) is not a chro-
mophore itself, downstream signaling from AhR is activated
following UVR (162). AhR is widespread among all skin cells
and specific immune cells. As well as having a significant
influence in UV-mediated immunosuppression, AhR signal-
ing also promotes tumor formation in melanoma (163-165).
Moreover, genes associated with BRAF resistance are also reg-
ulated by AhR, as combination therapy of BRAF inhibitors and
AhR antagonists maintains sensitivity to targeted therapy in
melanoma (166). UVB exposure photosynthesizes tryptophan
into metabolites of AhR ligands, including the AhR agonist
6-formylindolo[3,2-b]carbazole (FICZ; refs. 167, 168). FICZ
has been shown within the skin (169), and sulfate conjugates of
FICZ are found in the urine of UV-exposed individuals (170).
AhR signaling is particularly critical in UV-mediated immuno-
suppression, promoting the differentiation of Tregs. Tregs are
not only found within the local primary melanoma TME (171,
172) but also are increased in lymph nodes (173) and distant
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metastatic sites (174). Moreover, the level of Tregs in patients
is inversely correlated with patient survival (175, 176). Natural
Tregs develop in the thymus, while acquired Tregs develop
from naive peripheral CD4" T cells in response to tolerogen-
ic stimuli (177). FOXP3 is often described as the master reg-
ulator of function and development of Tregs; however, CD4*
FOXP3IL-10" Treg-like Trl cells are also suppressive (178,
179). Naive T cells stimulated with an AhR ligand, 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD), upregulate IL10 and FOXP3
mRNA but not protein, suggesting a Trl phenotype (179).
These cells also have decreased proliferation and transcription
of IFNAI. This differentiation was dependent on AhR signal-
ing, as knockdown of this receptor diminished TCDD-medi-
ated induction of IL-10 as well as the suppressive phenotype
(179). Treatment with TCDD alongside TGF- increased the
expression of FOXP3 mRNA and protein. Gene microarray
and ChIP data suggest that the upregulation of FOXP3 follow-
ing TCDD and TGF-p treatment is mediated by Smad1, which
binds directly to the FOXP3 promoter (179). AhR-conserved
binding sites in the FOXP3 promoter in CD4* T cells have been
reported, suggesting that AhR may also directly upregulate
FOXP3 (180). Further evidence of UV-mediated suppression
via Treg induction by AhR was demonstrated using the AhR
antagonist 3-methoxy-4-nitroflavone, which reduced UV-me-
diated immunosuppression by decreasing Tregs in mouse
models of CHS, whereas an AhR agonist, 4-n-nonylphenol,
increased Tregs and suppressed CHS, similarly to UVR (162).

Vitamin D

The primary vitamin D precursor in keratinocytes is 7-dehydro-
cholesterol. Upon UV exposure, 7-dehydrocholesterol is isomer-
ized to pre-vitamin D, which subsequently goes on to the bio-
logically active form 1,25-dihydroxyvitamin D, [1,25(0OH),D,]
(181). Vitamin D also influences the immune system to pro-
mote immunosuppressive environments (182). Interestingly,
numerous myeloid cells, including dendritic cells (DCs) and
macrophages, synthesize their own vitamin D and suppress
adaptive immune responses (182). These cells express la-hy-
drolase, whereby they can synthesize their own 1,25(0H),D,
as well as express the vitamin D receptor (VDR), producing a
feedback loop (183, 184). Interestingly, as monocytes respond to
1,25(0OH),D,, the differentiation to DCs is inhibited as levels of
the VDR decrease, promoting a tolerogenic DC phenotype with
a suboptimal antigen-presenting ability (182, 185, 186). This
also results in the production of increased macrophage numbers
(187). Activation of VDR downregulates DC maturation and
costimulatory markers (188, 189). When cultured in vitro inde-
pendently of professional antigen-presenting cells, 1,25(0H),D,
induced IL-10-secreting Tregs (190). The ability of these cells
to produce proinflammatory cytokines, including IFN-y, IL-17,
and IL-21, was also diminished; moreover, 1,25(0OH),D, induced
the infiltration of a population of functionally suppressive Tregs
(191). The influence of vitamin D also stretches beyond myeloid
cells. Reports also demonstrate its effects on the expression of
microbial pattern recognition receptors such as TLR2 by kera-
tinocytes (192), and show that it decreases UVB-induced skin
pathology in mouse models via mast cells (193).
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Conclusions and future perspectives

Many molecular alterations that occur in the skin microenvi-
ronment with UVR-induced extrinsic aging have the poten-
tial to impact tumor progression. To date, photoaging is often
viewed as the superimposition of photodamage and aging
mechanisms (100, 194) — a presumption that is rooted in the
fact that there are many similarities between photoaging and
chronological aging hallmarks and processes. However, there
are instances, such as with melanin synthesis and senescence,
in which the molecular mediators of photoaging diverge sub-
stantially from those in classical aging (Figure 3). These find-
ings highlight the critical importance of having clearly defined
models for studying chronological aging and photoaging inde-
pendent of one another.

The extent to which the mechanisms of extrinsic and
intrinsic aging coincide does not detract from the significance
of both processes in melanoma progression. In the case of
Tregs and keratinocytes, intrinsic and extrinsic aging induces
molecular alterations that impact the early stages of melano-
ma transformation and initial invasion. Alternatively, the con-
stituents of the dermal microenvironment and ECM undergo
changes during aging and photoaging that play a substantial
role in determining whether melanoma will metastasize to
organs beyond the skin.

The Journal of Clinical Investigation

The links between photoaging and the skin microenvironment
are of high importance, specifically for the aged demographic of
melanoma patients with a history of repeated sunburn or routine
tanning. Additionally, given that molecular response to chron-
ic UVR will diverge depending on inherent, genetically defined
skin pigmentation (195, 196), efforts should be made to acquire a
much-expanded biorepository of sun-protected and sun-exposed
young and aged primary dermal cells from patients of differing
degrees of skin pigmentation. Diversification of the primary sam-
ples available to study both intrinsic and extrinsic aging will bring
us one step closer to obtaining the molecular characterization of
photoaging required to identify putative therapeutic targets in the
skin microenvironment for cancer patients.
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