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The occurrence of non-melanoma skin cancer (NMSC) is closely linked with advanced age
and ultraviolet-B (UVB) exposure. More specifically, the development of NMSC is linked to
diminished insulin-like growth factor-1 (IGF-1) signaling from senescent dermal fibroblasts
in geriatric skin. Consequently, keratinocyte IGF-1 receptor (IGF-1R) remains inactive,
resulting in failure to induce appropriate protective responses including DNA repair and
cell cycle checkpoint signaling. This allows UVB-induced DNA damage to proliferate
unchecked, which increases the likelihood of malignant transformation. NMSC is
estimated to occur in 3.3 million individuals annually. The rising incidence results in
increased morbidity and significant healthcare costs, which necessitate identification of
effective treatment modalities. In this review, we highlight the pathogenesis of NMSC and
discuss the potential of novel preventative therapies. In particular, wounding therapies
such as dermabrasion, microneedling, chemical peeling, and fractionated laser
resurfacing have been shown to restore IGF-1/IGF-1R signaling in geriatric skin and
suppress the propagation of UVB-damaged keratinocytes. This wounding response
effectively rejuvenates geriatric skin and decreases the incidence of age-
associated NMSC.

Keywords: non-melanoma skin cancer (NMSC), squamous cell carcinoma, ultraviolet light (UVB), insulin-like
growth factor-1 (IGF- I), actinic keratosis (AK), laser resurfacing, chemical peel
INTRODUCTION

Skin is the largest and most-exposed organ of the body. It functions as a barrier against
environmental pressures, such as ultraviolet (UV) radiation (1). Prolonged and extensive
exposure may result in major transformations in skin structure and function, leading to the
development of cutaneous pathology (2–4). The American Cancer Society reports that skin cancer is
the most commonly diagnosed cancer in the United States (5, 6). Comprised primarily of basal cell
Abbreviations: NMSC, Non-melanoma skin cancer; SCC, squamous cell carcinoma; BCC, basal cell carcinoma; AK, actinic
keratosis; IGF-1, insulin-like growth factor-1; IGF-1R, insulin-like growth factor-1 receptor; FLR, fractionated laser
resurfacing; UV, ultraviolet; NER, nucleotide excision repair; TLS, translesion synthesis.
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carcinoma (BCC) and squamous cell carcinoma (SCC), the exact
rates of non-melanoma skin cancer (NMSC) are unknown
because most cancer registries do not collect their incidence
and mortality data (5). However, it is estimated that 3.3 million
are diagnosed each year, resulting in increased healthcare costs
for disease management as well as significant morbidity, and
rarely, mortality (5, 7). This necessitates exhaustive translational
research for innovative treatments and preventative dermo-
oncological therapies (8).

The epidemiological link between NMSC, sunlight, and
advanced age is well-established, given that at least one in five
Americans will develop skin cancer by the age of 70 (9). Moreover,
over 80% of individuals with NMSC are older than 60 years of age
(10). For some time, the direct causal link between the three
observations was unknown, which spurred basic science
exploration into photocarcinogenesis. Recent novel findings from
our group has implicated the significance of the insulin-like growth
factor-1/insulin-like growth factor-1 receptor (IGF-1/IGF-1R)
pathway in the development of NMSC (11–13). It has been
found that the intensity of UVB exposure directly correlates with
the extent of DNA damage. Additionally the regulation between
IGF-1/IGF-1R is vital in the protective response and indicative of
the tendency for photocarcinogenesis (12, 14–18). Adequate IGF-1
production in dermal fibroblasts is necessary for the appropriate
epidermal keratinocyte response to UVB-damaged DNA (11, 12,
19). Geriatric skin exhibits suppressed IGF-1 signaling due to an
increased cellular senescence profile offibroblasts (11, 12, 19). This
has severe consequences in the protective response to UVB
radiation whereby keratinocytes may have different destinies
depending on the extent of DNA damage and state of IGF-1/
IGF-1R signaling (11, 12, 19). Activation of keratinocyte IGF-1R
induces favorable stress-induced cellular senescence or DNA
damage repair such that malignancy prone mutations are
arrested without compromising epidermal barrier function (11,
12, 19). However, if IGF-1R is inactive due to diminished IGF-1,
keratinocytes may continue to propagate its procarcinogenic DNA
damage to its daughter cells (11, 12, 19). This increases the
likelihood for development of NMSC (20).

The IGF-1/IGF-1R signaling pathway may be exploited for
therapy. In recent years, novel treatments aimed for geriatric
patients both predisposed and exposed to NMSC have been
developed. One such modality is wounding therapy, which
attempts to reverse the geriatric fibroblast senescence
phenotype by inducing a “wounding response” (19–23). This
effectively serves to rejuvenate geriatric skin to a more youthful
phenotypic and constitutive expression. In this review, the
therapies of dermabrasion, microneedling, chemical peeling,
and fractionated laser resurfacing will be discussed in the
context of prevention of photocarcinogenesis.
BACKGROUND OF NON-MELANOMA
SKIN CANCER

It is estimated that more people are diagnosed with skin cancer
than all other types of cancer combined (5). In addition, between
Frontiers in Oncology | www.frontiersin.org
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1976-1984 and 2000-2010, epidemiologic research reveals an
increasing overall incidence of 145% and 263% for BCC and
SCC, respectively (24). Consequently, skin cancer is a major
public health concern as the associative healthcare costs are
extensive and rising (25). The increasing prevalence and
economic burden underscore the need to understand the risks
factors and etiology of NMSC.

As with other neoplastic pathologies, NMSC is of
multifactorial origin. The exact mechanism of development is
not well defined, but is likely due to the interplay of
environmental, genetic, and phenotypical factors (26). NMSC
is characterized by multiple risk factors that are both endogenous
and exogenous in nature. The endogenous risk factors include
patients with light-colored skin and blue eyes, Fitzpatrick Skin
Phototypes I-III, presence of dysplastic nevi, evidence of family
history, and genetic conditions such as oculocutaneous albinism
and xeroderma pigmentosum (27). Furthermore, exogenous
factors include infection by human papilloma viruses (HPV),
sun protection behavior, history of sunburns, and magnitude of
UV exposure (27). Lastly, individuals who are of advanced age,
immunosuppressed, and demonstrate a chronic inflammatory
state are also at risk for development of NMSC. Among the
aforementioned risk factors, environmental exposure to UV light
as well as advanced age are the most commonly acquired and will
be the focus of this review.

Sunlight and Advanced Age
There is considerable evidence that substantiates sunlight and
advanced aging as a likely cause of NMSC (16, 28–30). These
studies include increased incidence in sunnier cities and those
exhibiting a lifestyle of prolonged sunlight exposure, lower
prevalence in darker skin phototypes, and a majority of cases
occurring over sun-exposed skin and in those older than 60 (10,
31–33). In addition, skin cancer exhibits a strong correlation
with age, such that nearly 80% of cases occurs in patients
over the age of 60 (10). For a while, the epidemiological link
between NMSC, sunlight exposure, and advanced age lacked
direct causality, prompting basic science research to discover
viable connections. UV exposure is known to induce the
formation of reactive oxygen species (ROS) and cyclobutane
pyrimidine dimers, often resulting in DNA mutations (34).
Epidemiological evidence suggests that excessive sun exposure
in the first two decades of life can lead to UVB-induced
mutations in keratinocytes (35–38). It was thought that this
DNA damage persists in the epidermis, eventually obtaining a
growth advantage supporting skin carcinogenesis over many
decades. However, recent literature suggests that almost 80% of
lifetime exposure to sunlight occurs after the age of 18 (10). In
addition, it is well-known that sunscreen use is protective against
photocarcinogenesis, which suggests that the acquisition of skin
cancer is an ongoing process (39–41). Since aging is also
associated with a diminished ability to repair DNA, it is
reasonable to assume that this component of aging contributes
to skin carcinogenesis (11, 42, 43). Overall, studies ultimately
support the association between UVB injury, advanced age,
and NMSC.
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Dermal Microenvironment
Human skin consists of an outer epidermal layer and inner
dermal layer connected by a basement membrane as well as
underlying subcutaneous fat (27, 44). Keratinocytes are the
predominant cell in the epidermis, which is made up of four
sub-layers (27, 44, 45). These cells proliferate in the basal layer
while attached to the basement membrane. Once detached,
keratinocytes stop dividing and undergo a final differentiation
known as cornification (44, 45). Each epidermal sub-layer
represents a different stage of keratinocyte maturity, whereby
they function to strengthen the cytoskeleton as well as establish
an epidermal protective barrier (27, 44, 45). The underlying
dermis provides support and nutrients for the epidermis (27, 44).
It is characterized by a lower cellular density and extensive
extracellular matrix. In addition, the dermis is divided into two
layers: the more superficial papillary layer and the deeper
reticular layer (44). The papillary layer is densely populated by
fibroblasts, which are the dominant dermal cell (44). The
fibroblast cells of the adult dermis are specialized, post-mitotic,
and non-proliferative, while epidermal keratinocytes are highly
active and continuously dividing to renew the outer skin barrier
(44–46). Since dermal fibroblasts are a long-lived cell population,
they experience unceasing damage accumulation and adaptation
processes that are associated with aging (44–46). Conversely, the
epidermis experiences the direct effects of environmental
exposure, which adds to senescent processes (44–46). Thus,
cell aging and senescence of epidermal keratinocytes and
dermal fibroblasts are largely implicated in skin aging.

Multiple studies have shown that the pathogenesis of
photoaging is also associated with supportive tissue stroma,
effectors of the immune system, diminished melanogenesis,
inappropriate fibroblast deposition, and cytokines and growth
factors (47, 48). Tumor growth and progression is dependent on
its permissive microenvironment (49). One factor lending to the
development of photocarcinogenesis is the senescence-associated
secretory phenotype (SASP) (49–51). Senescent cells
demonstrate not only an arrest of cell proliferation, but also
high metabolic activity marked by widespread changes in protein
expression and secretion (49, 50). This can lead to increased
transcription of cytokines such as IL-1, IL-6, IL-8, MMP-1, and
MMP-3, resulting in chronic low-level inflammation and
disruption of normal physiologic processes (19, 49–51). Thus,
the molecular profile of the senescent dermal microenvironment
plays a major role in skin carcinogenesis. Importantly, the IGF-1/
IGF-1R signal transduction pathway has been recently
established as a major mechanism in the development of
NMSC in the elderly (11, 12, 18). These findings highlight the
complexity of NMSC and suggest its development is a gradual
and sun-induced process (39–41).
PATHOGENESIS OF NON-MELANOMA
SKIN CANCER

Aging and excessive UV exposure are two of the main drivers in
the development of NMSC. For a while, the exact mechanisms
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underpinning how a lifetime of excessive sunlight exposure and
advanced age lead to the development of skin cancer were not
well understood. However, data from our laboratory suggested a
new paradigm for the role of aging in photocarcinogenesis
involving the IGF-1/IGF-1R signaling pathway, which regulates
the cellular response of keratinocytes to UVB exposure (52).
These studies propose a mechanism where geriatric skin
deficient in IGF-1 expression is unable to activate the IGF-1R
in keratinocytes, resulting in an aberrant response to UVB
irradiation (11, 12). This leads to epidermal keratinocytes
passing its UVB-induced DNA damage onto daughter cells,
likening the formation of NMSC (11, 12, 18, 52).

UVB-Exposure and the Epidermis
Sunlight is composed of multiple types of light including
infrared, visible, and ultraviolet (UV) (14). UV light is further
classified into UV-A, UV-B, and UV-C. Wavelengths of light
within the UV-A range are known to penetrate the atmosphere;
although, its impact is indirect and facilitated by free radical
formation (38, 53, 54). Conversely, most light in the UV-C range
is absorbed in the atmosphere, limiting its dissemination to the
earth’s surface (14). UV-B comprises only 0.3% of the total light
that reaches the surface of the earth; however, its wavelengths
penetrate the outermost layer of the skin (15). Though limited to
the epidermis, UV-B can directly damage keratinocyte DNA
through induction of pyrimidine dimers and other DNA
photoproducts that are potentially mutagenic (14, 53, 55–57).
These mutagenic changes have the potential to be propagated to
subsequent cellular populations, raising the possibility of pro-
carcinogenic changes (58–60). The human body has repair
mechanisms that respond to UV-B radiation; however, the
extent of the epidermal response is largely dependent on the
dose and duration of UV-B (53, 61, 62). Short-lived and low dose
exposures spur DNA repair by temporarily halting the cell cycle
of keratinocytes (11, 56). High doses of UVB cause extensive
DNA damage, which results in apoptosis of keratinocytes (11,
56). In contrast, prolonged and intermediate doses of UV-B
radiation results in enhanced DNA damage that may escape
DNA repair and lead to pro-carcinogenic cellular proliferation
(11, 56).

Humans possess a system for removing UV photoproducts
from mutated DNA known as nucleotide excision repair (NER)
(63). This repair system functions through removal of damaged
DNA bases and repair of the gaps by the actions of DNA
polymerase and ligase (63). Supplementary to NER, cells
possess additional systems such as DNA damage checkpoints
that detect the presence of UV photoproducts and control DNA
replication and cell cycle progression (63). In particular, the
ATR-CHK1 signaling network acts to transiently suppress DNA
synthesis in UVB-damaged cells through the suppression of
DNA synthesis and cell cycle progression by the G1-S DNA
damage checkpoint (63). However, keratinocytes can sometimes
escape the appropriate DNA repair. For those basal keratinocytes
that experience intermediate doses of UVB-damage, several
outcomes can occur: (1) apoptosis of the damaged cell, (2)
pro-carcinogenic cellular proliferation, or (3) keratinocyte
senescence as a tumor evasion mechanism (11, 12, 18, 19).
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The first outcome has the benefit of removing the potential pro-
carcinogenic agent, though at the expense of damaging the
epidermal barrier function. It should be noted that all three
outcomes can be modulated by the activation status of the IGF-1/
IGF-1R signaling pathway. The keratinocyte response serves as a
protective mechanism.

Aging, Fibroblast Senescence, and
Photocarcinogenesis
The IGF-1/IGF-IR mechanism is compartmentalized within
dermal-epidermal interactions, wherein dermal fibroblasts
regulate basal keratinocyte differentiation (11, 12, 19). IGF-1R
is a tyrosine kinase receptor expressed on epidermal keratinocytes
that is activated by IGF-1, which is produced and secreted by
papillary dermal fibroblasts (64). This signaling pathway is
maintained throughout one’s lifetime to allow the maintenance
and growth of healthy skin (11, 12, 19). Among normal cellular
upkeep, IGF-1R activation by IGF-1 plays an integral role in
DNA replication and repair, checkpoint control, and induction
of keratinocyte senescence (11, 63, 65, 66). Yet, stromal changes
in aging skin can impair these processes. Aging causes a number
of changes to skin morphology and physiology, including a
decrease in epidermal thickness and cell turnover (63). More
importantly, the aging process considerably alters IGF-1
synthesis and secretion from dermal fibroblasts (11, 12, 19).
Consequently, the paucity of IGF-1 ligand in aged skin results in
diminished activation of IGF-1R on keratinocytes (11, 12, 19).
Outlined in Figure 1, four important components of the cellular
DNA damage response are debilitated by the aging process in
keratinocytes, including UV photoproduct removal by NER,
checkpoint signaling through ATR-CHK1, the replication of
damaged DNA by translesion synthesis (TLS), and the
induction of gene products regulated by the tumor suppressor
protein p53 (Figure 1) (18, 52, 65–68). Together, this altered
DNA damage response results in keratinocytes that fail to
undergo senescence and instead continue to proliferate (11, 12,
65, 66).

The ATR-CHK1 kinase signaling pathway acts to transiently
suppress DNA synthesis and cell cycle progression when UVB-
irradiation damages cellular DNA (63, 65). This signaling cascade
Frontiers in Oncology | www.frontiersin.org 4
works through various mechanisms including halting the
progression from G1 to S phase of the cell cycle, decelerating
the rate of ongoing replication fork progression, and hindering the
initiation of DNA replication at new origins (63, 65). Our group
studied that IGF-1R activation affects ATR-CHK1 signaling
through introduction of small-molecule inhibitors or IGF-1
withdrawal (65). We found that disturbing the IGF-1/IGF-1R
signaling pathway resulted in redaction of the ATR-CHK1
activation cascade and consequent failure to inhibit
chromosomal DNA synthesis in UVB-damaged keratinocytes
(65). This indicates that geriatric skin carcinogenesis in lieu of
deficient IGF-1 signaling may be caused by defects in cellular
responses to UVB-damaged DNA such as suppression of DNA
synthesis and cell-cycle progression (65). Similarly, our group
studied whether DNA damage tolerance systems including TLS
are altered in geriatric individuals (66). The TLS pathway is known
to recruit specialized DNA polymerases to damaged DNA, which
can introduce nucleotides opposite to damaged template DNA in
an error-prone manner (63, 65). Monoubiquitination of the
replicative DNA polymerase clamp protein PCNA (proliferating
cell nuclear antigen) was used as a biomarker of TLS pathway
activation (66). UVB-exposure on geriatric (age >65) skin resulted
in a higher level of PCNA monoubiquitination than that found in
younger skin (66). Notably, both pharmacological inhibition of
IGF-1R as well as IGF-1 deprivation potentiated UVB-induced
PCNA monoubiquitination (66). Though the TLS polymerase pol
eta can accurately replicate UV photoproducts, we found that its
induction by UVB exposure is partially abrogated by the loss of
IGF-1 signaling in keratinocytes and human skin explants (68).
This suggests that altered IGF-1/IGF-1R signaling in aged skin
may predispose keratinocytes to undergo a more mutagenic form
of DNA synthesis after UVB-exposure (66).

Appropriate IGF-1/IGF-1R signaling is critical in the dermal
response to sun-damaged skin (8). As mentioned before,
intermediate doses of UVB can result in keratinocytes escaping
effective DNA repair (11, 56). Keratinocytes in this scenario can
either undergo apoptosis, cell proliferation with UVB-damaged
DNA, or survive through cellular senescence (11). The last
option yields the best outcome such that the epidermal skin
barrier maintains its function and potentially mutagenic cellular
FIGURE 1 | Mechanisms by which IGF-1R activation results in keratinocyte protection from UVB-irradiation.
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proliferation is halted. However, this signaling pathway loses its
viability in geriatric skin, so that the reduced IGF-1 expression
results in an inappropriate response to UVB-damage (11, 12).
Since keratinocyte IGF-1R activation is dependent on its ligand,
the paucity of IGF-1 in aged dermis results in pro-carcinogenic
replication of UVB-damaged DNA (11, 12). In younger skin,
IGF-1 synthesis and secretion is sufficient to uphold normal
physiological activity of IGF-1R (11, 12). Thus, if UVB-damaged
DNA of young keratinocytes is not fully repaired, then
keratinocyte senescence stands as a tumor evasion mechanism
(8, 11, 12). Unfortunately, when geriatric skin experiences UVB-
irradiation, a portion of the epidermal keratinocytes respond
inappropriately by allowing mutagenic DNA to replicate and
potentially initiate neoplastic cells (8, 19). Consistent with this
notion, recent studies by our group xenografted human skin onto
immunodeficient mice, and the human skin grafts underwent a
chronic UVB carcinogenesis protocol with/without treatment
with a topical IGF-1R inhibitor. A 20 week UVB treatment of the
skin treated with IGF-1R inhibitor, which would mimic geriatric
skin, resulted in formation of actinic neoplastic (AKs/early SCC)
lesions, findings not seen in vehicle irradiated skin (20). The data
from these studies suggests that defective IGF-1/IGF-1R
signaling due to senescent dermal fibroblasts is an important
cause of geriatric NMSC.
CURRENT TREATMENT MODALITIES

Treatment options for NMSC depends on risk stratification of
the tumor and its characteristics, availability of services, and
patient preference and suitability (26, 69). There is a lack of high-
quality and evidence-based studies with a 5-year follow-up for
NMSC management (26). Additionally, the risk of recurrence
after treatment is high, though these cancers seldom metastasize
(26, 70). Thus, systemic treatments are not regularly of
importance (70). Surgery has traditionally been the “gold
standard” treatment due to its excellent cure rates and
desirable cosmetic results (70, 71). Specifically, Mohs
micrographic surgery (MMS) is the benchmark for high-risk
lesions and locations (69). There are other non-surgical
treatment modalities such as physical destruction (cryotherapy,
radiotherapy, and curettage and cautery), chemical destruction
(photodynamic therapy), local therapies (topical 5-fluorouracil,
imiquimod, ingenol mebutate, and diclofenac), and novel
hedgehog pathway inhibitors (HPI) (vismodegib and
sonidegib) (71, 72). The recent development of HPI may
antecede a shift towards medical management of NMSC (71).

The annual healthcare cost of treating NMSC in the United
States is estimated at nearly $5 billion, which has encouraged
exploration to identify and develop effective therapies (25). Most
of the current therapies are appropriate only after tumors are
clinically manifested and fail to attenuate the rising economic
burden (8). However, therapies focused on prevention are
successful in preventing pre-malignant transformation. Such is
the case in treatments for actinic keratoses (AK), which are pre-
cancerous lesions that may evolve into SCC (73). Successful
Frontiers in Oncology | www.frontiersin.org 5
therapies include cryotherapy, photodynamic therapy, 5-
fluorouracil with or without topical calcipotriol, topical
imiquimod, electrosurgery, and curettage (74–76). These
modalities have revealed that early treatment of AK prevents
the progression to SCC (74–76). More recently, the combination
therapy of calcipotriol and 5-fluorouracil was effective in
preventing SCC development within 3 years after treatment
(76). Despite the success of AK treatment modalities, these
therapies only focus on averting transformation of already
established pre-cancerous lesions. Early treatment of AK is
essential in preventing progression to SCC (77). As a result,
untreated and histologically unaffected skin remains vulnerable
to malignant transformation in at-risk individuals (8). This has
oriented novel treatments towards skin rejuvenation and dermal
IGF-1 restoration strategies, such as wounding therapy (8).
WOUNDING THERAPIES FOR
REJUVENATION

The critical observations implicating deficient IGF-1/IGF-1R
signaling in NMSC have led to the development of new
potential targeted therapies. These treatments act by wounding
the skin, which effectively restores IGF-1/IGF-1R signaling
by reversing geriatric fibroblast senescence (21–23, 52, 77).
Thus, wounding therapy has the potential to achieve an
efficacious and long-term chemo-preventative effect, which
allays the rising healthcare burden and morbidity associated
with NMSC (21–23, 52, 77). In addition, these skin rejuvenation
modalities are able to attain both cosmetic and cancer
prophylactic effects (8, 78). Our group has identified four
viable wounding therapies: dermabrasion, fractionated laser
resurfacing (FLR), microneedling, and chemical peeling (19,
21–23, 63). However, the exact mechanism as to how
wounding strategies are able to rejuvenate geriatric skin and
prevent malignant transformation is unknown (77). Further
translational research is needed to explicate the direct pathways.

Dermabrasion
Dermabrasion is a resurfacing technique that has been in use for
over 100 years to treat a variety of dermatological conditions,
such as scar revision, facial skin resurfacing, wound healing, and
correction of pigmentary abnormalities (79–81). The technique
is performed using a portable hand-held dermabrader with either
wire brushes, diamond fraises, or serrated wheels attached for
precise treatment (80). Additionally, sterilized sandpaper or
sterile electrocautery scratch pads have been used to manually
abrade the skin (79). Dermabrasion intentionally and selectively
damages skin to promote reepithelialization and the production
of dermal collagen fibrils (8, 19, 79, 81).

Accordingly, our group assessed if dermabrasion was a viable
modality to upregulate IGF-1 expression and restore the
appropriate UVB response (19). We recruited geriatric
volunteers (age > 65 years) and dermabraded discrete areas of
their skin, with complete removal of all epidermis and superficial
dermis (2, 19). Three months later, the treated loci were
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irradiated with UVB; and a punch biopsy was performed on the
irradiated site as well as adjacent unirradiated skin for
histological and biochemical analysis (19). Our group
discovered that dermabrasion produced scarce senescent
fibroblasts and fully restored levels of dermal IGF-1 mRNA in
geriatric skin (19). Moreover, we found histological features
characteristic of younger skin including elliptical fibroblast-
replicating nuclei, denser distribution of fibroblasts, restoration
of dermal collagen, recovery of the undulating dermal-epidermal
basal membrane, and increased number of proliferative
keratinocytes (19). Significantly, IGF-1 levels were restored to a
profile comparable to skin found in young adults (age < 30) and
there was no evidence of UVB-damaged basal keratinocytes (19).
As a result, our group was first to demonstrate that dermabrasion
restores a more youthful phenotype and induces a reversible
molecular signature that can suppress the typical geriatric pro-
carcinogenic UVB response (19). Although a promising therapy,
the outcomes of dermabrasion are largely dependent on the
appropriate technique and skill of the operator; and may produce
potentially unfavorable cosmetic outcomes (79–82). For this
reason, our group investigated whether other effective but less
aggressive wounding modalities, such as FLR and microneedling,
could restore an appropriate geriatric UVB response.

Fractionated Laser Resurfacing
FLR has been used over the past two decades for photoaging,
acne scarring, and dyschromia (83, 84). The fractionation allows
for deeper tissue penetration, and results in tissue remodeling
and collagen production (83). FLR delivers infrared light to tissue
where it is absorbed by water in the dermis (8). This causes skin
heating at non ablative wavelengths such as 1470 nm, 1540 nm,
1550 nm, and 1927 nm and vaporization of tissue layers at
ablative wavelengths including 2940 nm and 10,600 nm, which
induces skin wounds (8, 85). By thermally altering a distinct area
of the skin, the adjacent and untouched skin is able to quickly
repopulate the ablated columns of tissue through increased
fibroblast and epidermal stem cell activity (85). In addition to
requiring less technical skill than dermabrasion, FLR results in
more favorable cosmetic outcomes and rapid wound healing (79,
80, 84).

Our group explored whether a FLR-induced wounding
response would correct the inappropriate UVB response in
geriatric skin (21). Geriatric volunteers (age > 65) received FLR
on either sun-protected skin or chronically sun-exposed skin
(21). After three months, the FLR-treated skin was irradiated
with UVB, and biopsies were taken from irradiated and
unirradiated adjacent skin (21). Independent of skin sun
exposure, we found increases in collagen expression, amplified
numbers of fibroblasts, upregulation of dermal IGF-1 expression,
and restoration of the normal UVB response (21). In addition,
there was a reduction of photodamaged keratinocytes in
chronically sun-exposed skin (21). These results were similar
to that of dermabrasion, but with much more desirable cosmetic
effects and procedural ease (79, 80). This suggests that FLR could
also be used to help protect against future actinic neoplasia (77).
Therefore, our group explored the use of single ablative FLR as a
modality to treat AK (23). Subjects (age > 60) with at least five
Frontiers in Oncology | www.frontiersin.org 6
AKs on the forearm or wrist received FLR treatment (23). At
three and six months, the treated sites were photographed and
had the AK lesions counted and mapped in a blinded fashion
(23). When compared to pre-treatment, we found that the
numbers of AKs on treated locations were significantly lower
at both three months and six months (23). Additionally, the
average total numbers of AKs on the untreated arm at six months
increased by 167%, while the average percentage decrease of AKs
on the treated arm was 60% (23).

The results demonstrate the utility of a single FLR treatment
as a field therapy to treat precancerous AKs on sun-exposed skin,
given its upregulation of dermal IGF-1 and removal of senescent
fibroblasts (21, 23). However, these studies only examined
responses within a short time frame post-wounding. In
addition, the safety, efficacy, and durability of single ablative
FLR in high-risk geriatric patients is unknown. Thus, our group
assessed the long-term effects of FLR on geriatric skin through a
randomized prospective clinical trial. We recruited 48 patients
(age > 60) who had at least five AKs that were 3 mm or smaller.
Patients underwent a single treatment of FLR on the upper
extremity of aged skin. They were examined at three month post-
wounding and every six months thereafter for a current 36-
month follow-up period (20). To determine the effectiveness of
FLR in reducing the occurrence of AKs, the ratio of the number
of AKs on FLR-treated arms to untreated arms was tracked. At
three months post-FLR treatment, the ratio of AKs on treated
versus untreated arms was reduced four-fold. This ratio was
maintained throughout the current 36-month period,
demonstrating a lack of significant difference in the ratios at 3,
6, 12, 18, 24, 30, or 36 months. Moreover, additional analyses
were conducted to model the initiation of new AK lesions. We
found that untreated arms continue to accumulate increasing
numbers of AKs, while treated arms demonstrated a reduction in
the occurrence of new AK lesions with time. In fact, the number
of AKs on untreated arms accumulated at a much faster rate than
that found on treated arms. The results not only indicate that
FLR is an effective treatment for existing AKs, but also prevent
the development of new AK lesions. Importantly, the numbers of
NMSC on the untreated arms of this population (26 NMSC) was
much greater than the arm that underwent FLR (2 NMSC).
Moreover, with efficacy lasting for at least two years following
treatment, we validate that FLR is a durable treatment for
rectifying the inappropriate UVB response in elderly skin. This
data suggests that a single treatment of FLR can provide lasting
prevention of NMSC in high-risk geriatric patients (20).

Microneedling
Microneedling is a reasonably new treatment modality within
the field of dermatology, largely being used for aesthetic purposes
(86, 87). It has a broad range of uses including acne and surgical
scarring, melasma, rhytides, dyschromia, transdermal drug
delivery, and skin rejuvenation (86, 88). Microneedles are
reported to be both effective and versatile devices due to its
relatively painless penetration, affordability, and ability to deliver
transdermal medicinal applications (88). The basic theory
behind its mechanism of action is percutaneous collagen
induction (78, 87). Histological studies exhibit increased
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collagen and elastin after use of a microneedling device, which
introduces small zones of dermal injury and subsequent wound
healing processes (87). Previous studies by our group have
exhibited photorejuvenation through wounding therapies such
as dermabrasion and FLR (19, 21, 23). Given its rising popularity
for skin rejuvenation, our group tested if controlled
microneedling could achieve a similar protective wounding
response as exhibited by upregulation of dermal IGF-1
levels (22).

Nine geriatric volunteers (age > 65) with Fitzpatrick Types I
and II underwent wounding on the upper buttocks using a
commercially available microneedling device (22). After 90
days, a localized area of either microneedle-treated skin or
untreated skin was irradiated with a dose of UVB (22).
Photographs and punch biopsies of the skin were acquired
twenty-four hours post-UVB irradiation (22). At three months
after microneedling application, mRNA levels of both collagen 1
and IGF-1 were increased in previously wounded skin (22).
These results were similar to that found after application of
dermabrasion (19, 22). When comparing UVB irradiated
wounded skin versus UVB irradiated normal control skin, we
found a statically significant decrease in the numbers of Ki67
+/TD+ basal keratinocytes in wounded skin (22). This paralleled
the responses exhibited following dermabrasion and FLR
wounding of elderly skin (12, 19, 21). Furthermore, this
response to UVB irradiation was similar to the “normal”
responses documented in young (age < 30) skin (12, 19, 21,
22). This study indicates that wounding of geriatric skin by use of
a microneedling device results in increased dermal collagen 1
and IGF-1 levels as well as normalizes the protective response to
UVB irradiation. These findings are promising, but are limited to
a short time-frame and small sample size.

Chemical Peels
Chemical Peeling, also known as chemexfoliation, has been used
for centuries to attenuate photoaging and holds promise as
another skin resurfacing option (89, 90). This modality utilizes
a chemical application to the skin that causes controlled
wounding of the epidermis and dermis, resulting in skin
regeneration (89). The extent of wounding depends on the
depth of skin penetration, thus it is characterized as superficial,
medium-depth, or deep chemical peels (91). Superficial peels
produce wounding limited only to the epidermis, while medium-
depth peels penetrate into the papillary dermis. Moreover, deep
peels generate injury into the reticular dermis (89, 91). These
peels are indicated for a number of skin conditions, including
acne, melasma, actinic keratosis, lentigines, photodamaging, and
scarring. Additionally, a number of chemicals are used for
peeling, such as tretinoin, salicylic acid, trichloroacetic acid
(TCA), Jessner’s solution (JS), glycolic acid (GA), pyruvic acid
and phenol (89, 91). The use of superficial and medium-depth
chemical peels has increased in recent years due to its relative
procedural ease, minimal side effects, and cost efficiency (92).
Thus, an investigation into its potential as a wounding therapy
for prevention of photocarcinogenesis is warranted.

There are a number of human studies that suggest chemical
resurfacing may be a viable skin cancer prophylaxis (93–98).
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Using a human keratinocyte cell line, Ahn et al. demonstrated
the ability of GA to inhibit UV-induced cytotoxicity and
apoptosis, which suggests GA may exert a repressive effect on
skin cancer development (93). Kaminaka et al. investigated the
efficacy of phenol peels in patients with AK and Bowen disease.
They found that 100% pure phenol resulted in a 84.8% complete
response after one to eight treatment sessions, with only 4.3%
recurrence over a period of one year (94). Lawrence et al. found
that a medium-depth peel using JS and 35% TCA reduced the
number of visible AK by 75% (95). Similarly, Hantash et al.
found that 30% TCA resulted in a 89% clearance of AKs when
measured at three months post therapy. Furthermore, this
application demonstrated a reduced incidence of NMSC
compared to the control as well as a longer timespan until the
development of new skin cancer (96). Lastly, two recent studies
compared TCA peeling (35% and 50%) and photodynamic
therapy with topical 5-aminolevulinic acid (PDT-ALA) for the
treatment of AK (97, 98). Although TCA was less painful and less
expensive, both studies found that PDT-ALA performed better
than TCA. Yet, Di Nuzzo et al. found that 50% TCA had an AK
clearance rate of 66.1% at three and six months (97). In addition,
Holzer et al. demonstrated that 35% TCA had a 78.6% and 48.8%
AK clearance at three and twelve months, respectively (98). This
suggests TCA peels have clinical utility in treating AKs. Our
group is currently exploring TCA peels in this regard, and our
preliminary studies indicate that a 10% TCA peel on geriatric
skin upregulates IGF-1 mRNA levels approximately two-fold at
90 days (unpublished data). As presented, chemical peeling holds
promise as a therapeutic and preventative modality for skin
carcinogenesis. More research is needed with this area to
elucidate the precise mechanize of skin rejuvenation. Chemical
peeling offers a safe, cost-effective and flexible alternative
wounding therapy for the prevention of photocarcinogenesis.
CONCLUSION

The IGF-1/IGF-1R signaling pathway stands as a major factor in
the development of photocarcinogenesis. Over a lifetime,
advanced age and UVB exposure result in diminished dermal
IGF-1 and increased keratinocyte mutagenesis. This results in
defective DNA repair, checkpoint signaling, and appropriate
keratinocyte senescence, which increases the likelihood of
neoplastic transformation. NMSC remains a significant driver
of increased healthcare costs and morbidity annually,
necessitating the identification of effective treatments. With
this new model outlined in Figure 2, wounding therapies
hold promise as evidenced by their ability to restore
appropriate IGF-1/IGF-1R signaling to levels found in younger
skin. These studies are exciting as they exhibit desirable cosmetic
outcomes, efficacious photorejuvation, and protection against
skin carcinogenesis. As a commercially available device,
microneedling holds promise as a less expensive and more
widely available wounding therapy. Chemical peeling offers a
beneficial alternative treatment, yet more research is needed to
explicate its exact mechanism. Importantly, FLR exhibits both
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regenerative and long-term protective effects against pre-
cancerous lesions. The concept of restoring youth and
combating malignancy through wounding therapies holds
potential as a major dermatological treatment modality.

The insights leading to this new paradigm of actinic neoplasia
began as pioneering in vitro studies in which Dr. Dan Spandau
discovered that keratinocyte responses to UVB were dependent
Frontiers in Oncology | www.frontiersin.org 8
upon the presence/absence of IGF-1 (99). Subsequently, Drs.
Spandau and Travers devised a strategy to ascertain the
importance of IGF-1R activation in the response of geriatric
skin to UVB irradiation. These studies led to further
collaborations with clinicians (e.g., Drs. Rohan, Tanzi,
Wanner) to define the role of IGF-1 and fibroblast senescence
in humans. Basic scientist Dr. Kemp has further characterized
the exact mechanisms by which IGF-1R activation of the
keratinocyte are protective. This new paradigm is clearly an
example of a “bench-to-bedside” highly collaborative project
with tremendous clinical implications.
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