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Abstract

Solar ultraviolet (UV) radiation, an ubiquitous environmental carcinogen, is classified depending
on the wave-length, into three regions; short-wave UVC (200-280 nm), mid-wave UVB (280-320
nm), and long-wave UVA (320-400 nm). The human skin, constantly exposed to UV radiation,
particularly the UVB and UVA components, is vulnerable to its various deleterious effects such as
erythema, photoaging, immunosuppression and cancer. To counteract these and for the
maintenance of genomic integrity, cells have developed several protective mechanisms including
DNA repair, cell-cycle arrest and apoptosis. The network of damage sensors, signal transducers,
mediators, and various effector proteins is regulated through changes in gene expression.
MicroRNAs (miRNAs), a group of small non-coding RNAS, act as post-transcriptional regulators
through binding to complementary sequences in the 3’ -untranslated region of their target genes,
resulting in either translational repression or target degradation. Recent studies show that miRNAs
add an additional layer of complexity to the intricately controlled cellular responses to UV
radiation. This review summarizes our current knowledge of the role of miRNAs in the regulation
of the human skin response upon exposure to UV radiation.
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1. INTRODUCTION

1.1. Structure of the Human Skin

The skin is the largest organ of the body which acts as an interface with the outside world
[1]. In addition to possessing unique biomechanical properties that allow it to protect and
conform to the body, its functions include maintenance of water equilibrium, protection
against ultraviolet (UV) radiation, immunologic surveillance, and regulation of thermal
exchange [1]. There are three structural layers to the skin: the epidermis, the dermis and the
hypodermis. The epidermis is the cell-rich superficial layer composed mainly of
keratinocytes, along with pigment producing melanocytes, and antigen presenting
Langerhans cells. The keratinocytes forming the muti-layered epidermis possess different
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characteristics [2]. In the innermost basal cell layer of the epidermis, keratinocytes are
undifferentiated and able to proliferate. This layer contains stem cells as well as the transient
amplifying cells. Over this, several spinous cell layers reside, characterized by a high
number of desmosomes. Next is the granulosum layer, that comprises of 3-5 cell layers of
cells containing lamellar bodies as well as keratohyalin granules. Finally, the uppermost
layer of the epidermis is the stratum corneum, which consists of dead cells or corneocytes
and intercellular lipids and forms an integral part of the skin barrier [3]. The dermis is a
thick layer of fibrous and elastic tissue, made mostly of collagen, elastin, and fibrillin, that
gives the skin its flexibility and strength. The dermis contains nerve endings, sweat and
sebaceous glands, hair follicles, and blood vessels. Beneath the dermis lies the hypodermis
or the subcutaneous tissue [3].

1.2. Ultraviolet Radiation

Solar UV radiation, an important environmental carcinogen is divided, depending on the
wavelength, into three regions; short-wave UVC (200-280 nm), mid-wave UVB (280-320
nm), and long-wave UVA (320-400 nm) [4]. Most of the UV to which the human skin is
exposed to, is absorbed by the epidermis, with transmission of only the longer wavelengths
into the dermis. UV acts by initiating a cascade of events in the skin which starts with the
absorption of UV by chromophores such as DNA or urocanic acid, followed by membrane
damage, induction of cytoplasmic transcription factors, DNA damage and isomerization of
urocanic acid [5].

Exposure to UV may induce genomic lesions in the nuclear and mitochondrial DNA directly
as well as through the generation of reactive oxygen species. The degree and type of UV-
induced DNA damage depends heavily on the wavelength [4]. For a more detailed
understanding of UV induced DNA damage, we recommend literature reviews by Cadet et
al. and others where they have provided in depth analysis of the various mechanisms
involved [6, 7]. Briefly, specific UV induced DNA damage includes formation of
cyclobutane pyrimidine dimers (CPDs), pyrimidine pyrimidone photoproducts (6-4PPs) and
their Dewar valence isomers. In addition, UV through the production of reactive oxygen
species can produce oxidative base damage such as 8-hydroxydeoxyguanosine (8-OHdG)
and thymine glycol in DNA or can cause single or double strand breaks [8]. The
heterogeneous distribution of the UV-induced photolesions in the DNA depends on the
sequences that facilitate DNA bending as well as chromatin modulation through binding of
the specific protein [8, 9]. These lesions, if not repaired in a timely manner, can cause severe
structural distortions in the DNA molecule, thereby affecting important cellular processes
such as DNA replication and transcription, and compromising cellular viability and
functional integrity [9].

1.3. Skin Response to Ultraviolet Radiation

To cope with the detrimental effects of UV exposure, the cellular machinery responds by
mounting a rapid, inducible, transient response often termed the ‘UV stress response’. This
response developed by the eukaryotic cells for the maintenance of genomic integrity is
ensured by a repertoire of DNA repair systems and cell cycle checkpoints [10]. Failure of
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this response in the human skin may lead to immune suppression, inflammation, photoaging,
and skin carcinogenesis [10].

The DNA repair system is selected based on the nature of the lesion. Similar lesions may be
dealt with differently depending on whether they occur in a quiescent or a dividing cell [11].
Regardless of the repair mechanism, a mandatory step of the DNA damage response in
proliferating cells is cell cycle arrest, mediated via the checkpoint cascade that results in the
inhibition of cyclin-dependent kinases (Cdks), the enzymes responsible for driving cell
division. DNA lesions are recognized by a network of sensor and mediator factors that result
in the rapid recruitment of proteins involved in DNA damage repair such as ataxia
telangiectasia mutated (ATM) and ATM-Rad3 related (ATR), which then activate the
checkpoint proteins Chk1 and Chk2 with subsequent arrest of the cell cycle [12].
Checkpoint-arrested cells resume cell-cycle progression once damage has been repaired,
whereas cells with irreparable DNA lesions undergo permanent cell-cycle arrest or apoptosis
[13]. For the many different types of lesions that can occur, several repair pathways have
evolved which include base excision repair (BER), nucleotide excision repair (NER),
mismatch repair (MMR), and double strand break repair. The NER is a highly conserved
strategy for repairing a variety of bulky DNA damages, such as CPDs and 6-4PPs whereas
base change, such as 8-OHdG, is repaired by the BER system [14].

1.4. MicroRNAs

MicroRNAs (miRNAs) are a group of endogenous small noncoding RNAs (~23 nucleotides)
that negatively regulate gene expression at the post-transcriptional level, mainly via binding
to the 3”-untranslated region (3"-UTR) of the target gene [15]. The binding of the miRNA
with target MRNA may lead to blockage of protein translation as well as reduced mRNA
stability, however the latter seems to be the predominant mechanism in miRNA-dependent
gene repression [16].

The ~70-nucleotide long primary miRNA gene transcripts, termed primary miRNAs, are
recognized by RNase 111 endonuclease Drosha-DGCR8 microprocessor complex in the
nucleus and cleaved into precursor miRNAs, which are then exported to the cytoplasm by
exportin 5, where another RNase 111 endonuclease, Dicer, further processes them to yield
mature miRNAS. These are then loaded onto RNA-induced silencing complex along with
Argonaute (Ago) proteins for targeting mRNAs through interactions with sites of imperfect
complementarity [16]. The binding of the seed region, located between nucleotides 2 to 8 of
the mature miRNA, to the 3’-UTR of the target mMRNA directs posttranscriptional repression
[17]. A remarkable feature of miRNA-mediated gene regulation is that each gene may be
regulated by multiple miRNAs. It is thought that this mechanism is in place for more
efficient gene inhibition. To add further to the complexity, one miRNA can have several
functional targets within a cell type where each gene carries the complementary sequence of
the miRNA seeds in its 3’-UTR. This may be especially true of genes with long 3’-UTRs
[17]. For this reason, the mechanism of action of miRNAs has been compared by some to
that of transcription factors in terms of their pleiotropic effects though the effect of each is
mediated at different levels in the flow of genetic information.
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The relative lack of attention to miRNAs in the previous years has changed, as scientists
realize that genes may have an additional layer of regulation never touched upon. Thus
miRNAs are evolving as a whole new area of research. The diversity of miRNA targets
demonstrates that they are involved in various cellular networks. Indeed, miRNAs have been
shown to regulate many biological processes including embryonal development, cell
differentiation, apoptosis, and proliferation [18]. The variations in the expression of
miRNAs have been linked to a wide range of human diseases, especially cancer [16].
Several tools have been developed to control the function of individual miRNAs and have
been applied to study their biogenesis, biological role, and therapeutic potential. Light-
activated miRNA antagomirs have been developed through the site-specific installation of
caging groups where miRNA-inhibitory activity is restored upon decaging through a brief
UV exposure [19].

2. MicroRNAs and UV-Exposed Skin

Studies of miRNAs in the field of dermatology have predominantly concentrated on their
role in wound healing, skin differentiation and cancer. In spite of the rapidly growing
interest in miRNAs in cutaneous physiology and pathology, surprisingly little is known
about the precise mechanism(s) through which miRNAs regulate the response of normal
human skin exposed to UV radiation. Recent findings that link epigenetic regulation of skin
cancer to miRNAs have been the subject of several well written detailed reviews [20-23].
These analyses have mostly focused on studies that have examined miRNAs and their
targets in melanoma and non-melanoma skin cancers. In this review, we have limited our
scrutiny to studies that have used UV radiation in their experimental work and/or used
human skin or human skin derived cells, examining a direct link between UV induced
changes in mMiRNA expression (Fig. 1). Here we provide a brief summary of the available
literature, in an attempt to gain some insight into the mechanistic aspects of miRNA-
mediated regulation in the context of UV induced skin response.

2.1. MicroRNA Profile in UV-Exposed Normal Skin

The specific patterns of miRNA expression in response to UVB irradiation have been
studied to some extent in keratinocytes and fibroblasts [24, 25]. Primary cultures of normal
human keratinocytes 4 and 24 h post UVB irradiation (30 or 60 mJ/cm?) were analyzed
using miRNA microarray and real-time PCR platform. The results showed more than two
fold change in the expression of 44 miRNAs compared with non-irradiated keratinocytes
[24]. Subsequent unsupervised hierarchical clustering analysis of miRNA expression based
on the time of exposure (4 vs 24 h), and not on the radiation dose, revealed distinct patterns
of miRNA expression change, such that some miRNAs were found modulated only at 4 h
while others showed consistent change at both time points. Importantly, this pattern was
similar to miRNA expression observed in human thyroid cells following exposure to
ionizing radiation and in HeLa cells after UVC irradiation (8 J/m?) suggesting that these
time-dependent patterns represent a common paradigm of miRNA response to radiation
exposure [24, 26, 27].

The miRNAs expression in primary human fibroblasts, 4 and 24 h post UV exposure was
comparable and divided into three main classes as a short-term early regulation, and a
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longer-lasting regulation that started early or late after UV irradiation. Interestingly, most of
the miRNAs in the short term were upregulated, indicating that repression of gene
expression by upregulation of UV-responsive miRNAs, rather than upregulation of gene
expression by miRNA repression, is the main function of miRNA-mediated gene silencing
during the first hours after UV damage [27]. Using similar methods, the differential
expression of mMiRNAs was profiled in mouse fibroblasts after exposure to UVB irradiation
(50 J/m?). In this study, UVB irradiation was found to result in robust changes in the
miRNA expression profiles in a time-dependent manner. The early UVB response (at 4 h)
involved upregulation of 14 miRNAs, whereas the change at 12 h was relatively small with
4 miRNAs that were upregulated and 2 that were downregulated. The authors inferred that
their findings have the potential to be extrapolated to the human situation as miRNA
sequences are well conserved in mice, chickens and humans. The increase in mmu-miR-365
and mmu-miR-21 in mouse fibroblasts upon UV exposure suggest that these miRNAs may
be involved in the regulation of cell growth and apoptosis in response to UV-induced DNA
damage in the human skin [25].

2.2. MicroRNAs and UV-Induced DNA Damage

The cellular response elicited as a consequence of DNA damage to UV radiation, is
accompanied by profound changes in gene expression. Recent studies indicate that in
addition to being regulated at the transcriptional and post-translational levels this response is
controlled at the post-transcriptional level by miRNAs [27, 28]. Using a combination of
fluorescence microscopy, miRNA profiling and reverse genetics, it was demonstrated that
Ago2 and miRNA expression regulate several aspects of the DNA damage response,
eventually leading to increased survival after UV irradiation [27]. UV damage triggered a
cell-cycle-dependent relocalization of Ago2 into stress granules and various miRNA
expression changes. It was shown that the Ago2 relocalization required Cdk activity, but
was independent of ATM/ATR checkpoint signaling. Both miRNA expression changes and
stress-granule formation were most pronounced within the first hours after genotoxic stress,
suggesting that miRNA-mediated gene regulation operates earlier than most transcriptional
responses [27]. Knocking down essential components of the miRNA processing pathway,
Dicer and Ago2 reduced miRNA-mediated gene-silencing inhibition and compromised the
survival and checkpoint response of the cells post UV damage. The functionality of the
miRNA response in UV exposed cells was further manifested by miR-16-dependent
CDC25a regulation studies [27]. CDC25a has an essential role in the cell cycle and its
downregulation leads to an immediate cell-cycle stop. Gene silencing and over expression
studies indicated that CDC25a mRNA is directly downregulated by miR-16 and provided
evidence that miRNA-mediated gene silencing contributes to the cellular responses to UV
stress in a timed manner. It was suggested that miRNA mediated regulation of UV response
operates at an intermediate time point between fast protein modifications that occurs within
minutes and the much slower transcriptional reprogramming that takes several hours to days
to develop [27, 28].

2.3. MicroRNAs and UV-Induced Pigmentation

The skin, through its pigments, provides a unique defense system against UV radiation. The
transfer of melanosomes from melanocytes to keratinocytes plays a critical role in reducing
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UV-induced DNA damage in the human epidermis [29]. Very few studies have described
the involvement of miRNAs in the pigmentation process. A functional role for miR-25 in the
regulation of pigmentation in Alpaca (Lama pacos) skin melanocytes through the
suppression of micropthalmia-associated transcription factor MITF has been demonstrated
[30].

Dynoodt et al. sought to identify the miRNAs involved in the regulation of melanogenesis in
the human skin [31]. For their preliminary studies, they selected normal pigment-producing
melan-a mouse melanocytes. Compared with human primary melanocytes, these cells are
known to be significantly more responsive to physiological pigmentation factors, such as a-
melanocyte-stimulating hormone and UV radiation. The authors contended that by using the
mouse melan-a cells, a less complex in vitro cell culture model was introduced, in contrast
to human primary melanocytes that are typically characterized by donor-specific variability.
miRNA profiling was performed on melan-a cells after three consecutive treatments of a low
solar-simulated UV dose (60 mJ/ cm?) and forskolin (20 pM), a known stimulator of the
cAMP pathway. The rationale behind this treatment regimen was that it would induce
pigmentation, whereby the phenotypic appearance of the cells could be monitored by bright-
field microscopy. Increased proliferation of the treated cells with additional production of
melanin, including an increased processing/movement of the melanosomes toward the
periphery of the melanocytes and into the dendritic tips, was observed. Subsequently, the
expression of 540 miRNAs was studied where the cutoff value for considering a miRNA as
deregulated was set at 1.5-fold between treated and control samples. This filtering resulted
in a miRNA signature identifying 16 differentially expressed miRNAs, of which the
majority were uniformly downregulated and included miR-125b, miR-139-5p, miR-145,
miR-155, miR-193*, miR-206, miR-218, miR-221, miR-222, miR-28, miR-335*, miR-365,
and miR-455. In contrast, miR-130b, miR-182, and miR-9 were observed to be upregulated
in the treated cells. Remarkably, a 15-fold downregulation of miR-145 was detected. A
repeat of these experiments in human primary melanocytes showed that overexpression or
downregulation of miR-145 reduced and increased the expression of Myo5a, Sox9, Mitf,
Tyr, Trpl, Rab27a, and Fscnl, respectively [31]. Furthermore, direct targeting of Myo5a by
miR-145 was demonstrated. Immunofluorescence tagging of melanosomes in miR-145-
transfected human melanocytes displayed perinuclear accumulation of melanosomes with
additional hypopigmentation of harvested cell pellets. Given the changes in major
pigmentation genes, upon modulation of miR-145 expression, a key role for miR-145 in
regulating melanogenesis was suggested. Since the current treatments for hyperpigmentation
are not as effective and are often associated with adverse side effects, the authors further
speculated that miRNA-based treatments by specifically targeting key genes in
melanogenesis may be an attractive alternative [31]. In this context, Wu et al. designed a
miR-434-5p homologue targeting Tyrosinase, the rate-limiting enzyme of melanin
biosynthesis in human and mouse melanocytes and used it to demonstrate the feasibility of
miRNA-mediated skin whitening and lightening in vitro and in vivo [32].

2.4. MicroRNAs and Photoaging

Photoaging is a process of aging of skin attributed to continuous, long-term exposure to UV
radiation, natural or synthetic. Studies have shown that UV radiation, through activation of
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growth factor receptors and protein kinase cascades, up-regulates the expression of c-Jun
and c-Fos, integral components of the AP-1 transcription factor complex. AP-1, in turn not
only stimulates transcription of matrix metalloproteinases to induce degradation of
extracellular matrix proteins, but also negatively regulates the collagen synthesis pathway
[2]. Song et al. studied the mechanism through which UVA irradiation up-regulates c-Jun
expression in the human skin [33]. They showed that increased c-Jun protein and mMRNA
levels correlated with markedly reduced miR-155 expressions in dermal fibroblasts.
Luciferase reporter assays further assays further identified c-Jun as a target of miR-155.
Transfection of miR-155 mimic decreased c-Jun protein levels in both UVA-exposed and
unexposed fibroblasts while miR-155 inhibitor increased c-Jun protein levels. Interestingly,
neither had any effect on c-Jun mMRNA expression, suggesting that miR-155-induced c-Jun
inhibition occurred at the post-transcriptional level [33]. The study provided new insights
into the pathogenesis of UVA-induced photoaging and indicated that miR-155 might
function as a protective miRNA and can serve as a potential target for the treatment of
photoaging.

Skin aging has further been linked to UV irradiation mediated cellular senescence. The
molecular mechanisms underlying UVB induced senescence were investigated in human
diploid fibroblasts [34]. Using genome-wide transcriptome analysis, a transcriptional
signature of UVB-induced senescence was established. In parallel, miRNAs screening
identified five miRNAs, miR-15a, miR-20a, miR-20b, miR-93 and miR-101, modulated
during UVB-induced senescence. Subsequent analysis, focused on miR-101, identified Ezh2
as a target gene of miR-101. Interestingly, downregulation of miR-101 was not sufficient to
block the phenotype of UVB-induced senescence, suggesting that other UVB-induced
processes may induce the senescence response in a pathway redundant with upregulation of
miR-101 [34]. Moreover, An et al. studying the protective activity of a titrated extract of
Centella asiatica against photoaging showed that the extract may serve as a potential natural
chemoprotective agent against UVB-mediated damage through inducing changes in the
expression of specific miRNAs in dermal fibroblasts. Using functional bioinformatic tools, it
was determined that miRNAs that showed alteration in expression after treatment with the
extract were functionally related with inhibition of apoptosis, positive regulation of cell
proliferation and activation of MAP Kinases [35].

The miRNA expression pattern of the photodamaged skin has also been determined in
human subjects. A total of 16 human biopsies were collected from eight healthy volunteers
with no prior history of skin disease. All subjects had grade 2 photoaging on the outer arm
and no signs of photoaging on the inner arm. Hence the biopsies taken from the inner side of
the arm (sun-protected area) served as control to the outer side (sun-exposed) photoaged
skin. The analysis of 936 human miRNAs, registered in the miR-base 13.0 database, did not
show any significant differences in miRNA expression between sun protected and
photodamaged skin. The study however validated the previously reported expression pattern
of mi-RNAs present in the human skin [36].
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2.5. MicroRNAs and UV-Induced Cell Survival

In an effort to explore the impact of UV radiation on miRNA regulation in relation to cell
survival, the expression of a group of selected miRNAs was examined employing gPCR in
cells exposed to UVC treatment. MiR-22 was found to be significantly upregulated upon
exposure to UV radiation, in HaCaT human keratinocytes and HEK293 human embryonic
kidney cells [37]. UV-induced increase in miR-22 expression appeared to be dependent on
the activation of the DNA damage responsive ATM kinase, as UV treatment induced a
significant increase of miR-22 expression in wild-type mouse embryonic fibroblasts (MEF)
cells, but not in ATM-deficient MEF cells. It was proposed that the increased miR-22
expression may result from enhanced miR-22 maturation in cells exposed to UV radiation.
An interesting link between miR-22 and the tumor suppressor gene phosphatase and tensin
homolog (PTEN) was observed. It was found that PTEN expression inversely correlated
with miR-22 induction in UV exposed cells [37]. Furthermore, UV-induced PTEN
repression was attenuated by overexpression of a miR-22 inhibitor. Increased miR-22
expression significantly inhibited the activation of the proapoptotic caspase signaling
cascade [37]. The study indicated that miR-22 is an important player in the cellular stress
response to UV radiation, which promotes cell survival via the repression of PTEN
expression thereby providing a window in time for cells to repair the DNA damage and
mitigate the detrimental impact of UV radiation on cells. Remarkably, overexpression or a
long-lasting high miR-22 level has been shown to contribute to tumorigenesis of skin
cancers, such as melanoma, where solar UV radiation is one of the major risk factors for the
disease [36]. In this context, comparative microarray analysis of miRNA expression profiles
showed miR-22 along with miR-130b, miR-146b-5p, miR-223, miR-301a, miR-484,
miR-663, miR-720, miR-1260, miR-1274a, miR-1274b, miR-3663-3p, miR-4281, and
miR-4286 to be significantly upregulated in the melanoma tissue when compared to benign
melanocytic nevi [36]. PTEN loss has been show to promote carcinogenesis of skin cancer
upon UV radiation and miR-22-mediated PTEN repression may contribute to this
pathological process [38].

Another miRNA that has been studied in connection with the cellular response to UV
radiation is miR-125b. It was found that the protein level of p38a. MAPK substantially
decreased in HaCaT keratinocytes and HEK?293 cells after UV exposure. In depth studies
indicated that the p38a gene 3’-UTR is subjected to miR-125b -dependent repression,
resulting in down-regulation of p38a expression in response to UV treatment. It was shown
that increase of miR-125b depended on UV-induced NF-xB activation, which enhanced
miR-125b gene transcription. Moreover, ATM appeared to be essential for UV-induced NF-
kB activation, at least in HaCaT and HEK293 cells. UV-induced p38a activation was
substantially inhibited by ATM inhibitor, suggesting the involvement of ATM in p38a
activation however the precise mechanisms by which ATM regulates p38a activation is not
yet fully understood. Collectively, these studies indicate that NF-xB-dependent up-
regulation of miR-125b, forms a negative feedback loop to repress p38a activation and
promote cell survival upon UV radiation [39].

Human antigen R (HuR) is a ubiquitous RNA-binding protein that shuttles between the
nucleus and cytoplasm and regulates several aspects of the post-transcriptional control of

Curr Drug Targets. Author manuscript; available in PMC 2014 April 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Syed et al.

Page 9

gene expression. Numerous mRNAs that encode stress response proteins involved in
apoptotic control are regulated through HuR binding at specific sequences in their 3’ -UTRs
[40]. The Ras homolog B (RhoB), a member of the Rho family of small GTPases, is an
important player in UV induced cellular response. Downregulation of RhoB potentiates UV-
induced apoptosis, whereas its overexpression protects human keratinocytes against UV-
induced apoptosis. Moreover, RhoB binds to HUR on three distinct locations, at its 3'-UTR
end [41]. Glorian et al. studied the functional consequence of interactions between RhoB
mRNA, HuR and Ago2, following UV exposure. It was shown that miR-19, an oncogenic
component of the miR-17-92/0Oncomir-1 miRNA polycistron regulates the expression of
RhoB in UV exposed keratinocytes. Interestingly, there was no evidence of deregulated
expression of miR-19 post UV exposure. However, miR-19-mediated regulation of
antiapoptotic RhoB expression required the binding of HuR, to the 3’-UTR of the RhoB
mRNA. It was proposed that the loss of the interdependent binding between HuR and
miR-19 to the RhoB mRNA upon UV exposure relieves this mMRNA from miR-19-
dependent inhibition of translation and contributes to the apoptotic response [42].

2.6. MicroRNAs and Photocarcinogenesis

The most common nonmelanoma skin cancers are basal cell carcinoma and squamous cell
carcinoma (SCC), which start in either the basal or squamous cells located at the base of the
epidermis. Although there are many risk factors involved, it is well established that exposure
to UV radiation plays a major role in the causation of these cancers. Interestingly, the
incidence of SCC is increased more than 60 fold in organ transplant recipients, making it the
most common malignancy in these patients. To examine if UV mediated changes in miRNA
expression can be related to the development of SCC, the miRNAs of the SCC skin tissue
were analyzed and compared to the miRNA profile of immunocompetent patients and
normal skin samples obtained from healthy individuals. Real-time RT-PCR analysis showed
significantly increased expression of miR-21, extending the list of tumors that show
upregulated miR-21 expression. In addition, miR-184, barely detectable in the normal
epidermis, was considerably increased in SCC samples, suggesting an essential role of these
miRNAs in the development or maintenance of SCC of the skin. For proof of principle, the
authors further studied these miRNAs in monolayer keratinocyte cultures after exposing
them to UV radiation. It was observed that UVA radiation increased the expression of
miR-21, miR-203, and miR-205. UVB radiation, however, had no effect on miR-21, but
significantly decreased the expression of miR-205 whereas miR-203 increased slightly. The
finding that UVA, but not UVB, increased the expression of miR-21, was particularly
interesting, as UVA radiation more than UVB has been implicated in the pathogenesis of
SCC. Both UVA and UVB induced miR-203 expression, which is possibly in line with the
differentiation and aging of keratinocytes after solar irradiation. The study recognized a role
for miRNAs in SCC formation, through affecting important processes such as differentiation
and apoptosis. The diverging effects of UVA and UVB radiation on miRNA expression,
underlined the different mechanisms of cell damage mediated by these wavelengths and may
explain the differential influence of these two wavelengths on SCC formation [43].

It has been known for some time that individuals suffering from the genetic disease
Xeroderma Pigmentosum, with mutation in the NER repair enzymes are predisposed to the
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development of skin cancer, even with exposure to very modest levels of UV radiation.
Transgenic partially repair-deficient Xpc+/— mice modeling the spectrum of UV
vulnerability and increased susceptibility to cancer have been developed to better understand
the possible mechanisms of photocarcinogenesis [44]. The miRNA expression profile of
Xpc heterozygous and WT repair-proficient mice were compared, using a mammalian
miRNA microarray comprising whole mice mature and precursor miRNA sequences [45].
MiRBase and GO analysis employed for the prediction of miRNA targets revealed that a
total of 20 miRNAs were differentially expressed in the transgenic group of which 13
miRNAs were down-regulated and 7 miRNAs up-regulated when compared to the WT
counterparts. Differentially expressed miRNAs were predicted to have links with several
signaling pathway in skin cells, of which regulation of epidermal growth factor receptor
signaling pathway and transforming growth factor beta receptor signaling pathway were
notable [45].

A plethora of evidence suggests that cutaneous human papillomavirus (HPV) infection may
be an additional risk factor for SCC. A recently concluded study determined that the
association between cutaneous HPVs and skin cancers appears to be specific to SCC and to
genus B HPVs in a general US population [46]. The involvement of miRNAs in the
causation of SCC, in the context of p HPV and UV radiation was examined, using the
transgenic mouse model HPV8-CER [47]. Skin tissues of UV-irradiated wild-type and
HPV8-CER were analyzed. The carcinogenic potential of HPV8 was evident, as a single
UVA/B-dose induced oncogene expression and led to papilloma growth transgenic mouse
model within three weeks. Early steps in skin tumor formation in HPV8-CER mice were
associated with an upregulation of the oncogenic miR-17-5p, miR-21 and miR-106a and a
downregulation of the tumor-suppressive miR-155 and miR-206. In addition, PTEN,
PDCD4 and Rb, respective targets of miR-21 and miR -106a with their pivotal role in cell
cycle regulation, apoptosis and proliferation were affected. The study demonstrated that
deregulations of miRNA expression are closely related to the UV-induced upregulation of
HPV8 oncogene levels and subsequent tumorigenesis [47].

Recent studies have explored and established associations between malignant melanoma and
varying risk factors, such as nevi, hair and eye color, history of skin cancer, childhood
cancers, Parkinson's Disease, hormone exposure etc. However, UV radiation exposure
remains the most important modifiable risk factor for the disease [48]. The melanoma cells
are expected to bear mutations due to the typical UV-induced DNA damage. Based on
whole genome sequencing of a melanoma tumor, using three different computational
algorithms, it was proposed that the melanoma somatic mutations globally reduce binding of
miRNAs to the mutated 3'-UTRs. It was shown that seed regions are enriched with guanine,
thus rendering miRNAs prone to reduced binding to UV-mutated 3'-UTRs. The reduced
binding is melanoma-specific as it is mainly a consequence of the type of mutation rather
than its exact position [49]. Accordingly, mutation patterns in non UV-induced malignancies
e.g. lung cancer and leukemia do not yield similar predictions. The importance of GC
nucleotides and their thermodynamic advantage in conferring thermodynamic stability to
DNA structures in response to UV-induced damage has been suggested. Interestingly, a
significant difference in the GC/AU ratio in the 3’-UTR SNPs between dark- and light-
skinned human populations was noted which implies that GC nucleotides may act as
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facilitators of miRNA binding and thereby global cell regulation. It was speculated that this
might be an evolutionary strategy to minimize UV radiation effects and reduce risk for
development of skin cancer. The observed differences in GC content between SNPs falling
within predicted target sites of miRNAs highly expressed in melanoma and target sites of
other miRNAs strongly supports this speculation [49].

CONCLUSION

The transcriptional regulation and posttranslational modification of proteins in response to
UV radiation has been well studied. It is only recently that the involvement of miRNAs in
the regulation of gene translation is being recognized. Alteration of miRNAs has been found
in cells exposed to UV, both in plant and human study systems; however the precise role of
miRNAs in the UV stress response of human skin has not yet been fully elucidated.
Although a number of UV-responsive miRNAs have been shown to be modulated in skin
cancer, the mechanistic details through which miRNAs play a role in the pathogenesis of
UV-induced skin cancer are still unknown. From the data generated so far, it is clear that
miRNAs contribute to regulation of cell cycle checkpoints and apoptosis in UV exposed
skin. It has further been suggested that miRNA mediated regulation of gene expression in
response to UV induced DNA damage operates somewhere between fast protein
modifications that occurs within minutes and the much slower transcriptional
reprogramming which may take several hours to days to develop. The information that we
have acquired so far has answered some initial questions yet we are nowhere close to
understanding the delicate interplay of gene regulation at the miRNA level in the UV-
exposed skin. The functions of specific miRNAs in cell cycle checkpoints, apoptosis,
differentiation and other aspects of the cellular responses to UV irradiation require detailed
studies. Comparative studies in human skin defining similarities and differences between
various types of DNA damaging agents on miRNA responses are needed. It is hoped that the
ongoing research in this field will increase our understanding of the correlation of UV
induced miRNASs with skin tumorigenesis.
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Fig. (1).
Depicts selected miRNAs reportedly involved in UV-induced skin response.
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