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Abstract MicroRNAs have continued to attract enor-

mous interest in the scientific community ever since their

discovery. Their allure stems from their unique role in

posttranscriptional gene expression control as well as their

potential application as therapeutic targets in various dis-

ease pathologies. While much is known concerning their

general biological function, such as their interaction with

RNA-induced silencing complexes, many important ques-

tions still remain unanswered, especially regarding their

functions in the skin. In this review, we summarize our

current knowledge of the role of microRNAs in the skin in

order to shine new light on our understanding of cutaneous

biology and emphasize the significance of these small,

single-stranded RNA molecules in the largest organ of the

human body. Key events in epidermal and hair follicle

biology, including differentiation, proliferation, and pig-

mentation, all involve microRNAs. We explore the role of

microRNAs in several cutaneous processes, such as

appendage formation, wound-healing, epithelial-mesen-

chymal transition, carcinogenesis, immune response, and

aging. In addition, we discuss current trends in research

and offer suggestions for future studies.
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The skin in our culture and science: a semi-scientific

analysis

The skin is and always has been one of the most important

organs in popular culture. Its implications on the percep-

tions of beauty, health, and age are paramount [1, 2]. A

simple Google search with the term ‘‘skin’’ results in an

astonishing 1.74 trillion hits—more hits than in searches

for ‘‘brain,’’ ‘‘liver,’’ ‘‘lung,’’ ‘‘colon,’’ ‘‘kidney,’’ ‘‘immune

system,’’ and ‘‘stomach’’ combined—falling second only to

a search for the term ‘‘heart,’’ which results in 2.63 trillion

hits (Table 1). This analysis supports the notion that pop-

ular culture is obsessed with the skin and its adnexa (hair,

breasts, lips, nails), and they invoke an old adage from the

poet, James Joyce: ‘‘We might say indeed of modern man

that he has an epidermis rather than a soul.’’ In this review,

we share the recent advances in our knowledge of micr-

oRNA function in the skin, an important organ as well as

an excellent model system to explore the complexities of

the relatively young field of microRNA biology (Fig. 1).

Indeed, the skin fulfills many important functions. In

addition to its enormous impact on physical attractiveness,

the skin most importantly protects the underlying organism

from its external surroundings: a cruel environment of

extreme temperatures, UV radiation, and parasites, among

other potential hazards. Fortunately, the skin of mammals

has adapted throughout evolution to master each of these

challenges with some assistance from the immune system.

Prominent evolutionary innovations of the mammalian

lineage include appendages of the skin, such as hair folli-

cles and mammary glands [3]. These complex, novel mini-

organs require progressively complex genetic programs for

their development and maintenance. In this context, it is

interesting to note that, in general, the emergence of novel,

increasingly complex body plans—with the appearance of
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vertebrates and mammals in particular—correlates well

with the expansion of the microRNA repertoire [4].

MicroRNAs and mammals: microRNAs as a major tool

in evolution

MicroRNAs are small, single-stranded RNA molecules

with an average size of about 22 nucleotides [5, 6]. Their

prevalence has increased dramatically throughout animal

evolution, and this expansion is believed to have had a

major role in the formation of progressively complex body

plans. In sharp contrast to other types of genes—such as

protein-coding genes—the repertoire of microRNAs con-

tinues to expand and may even have been critical for our

own evolution [7] (Fig. 2).

Two major expansions of the microRNA repertoire took

place in evolutionary history: one associated with the

appearance of placentals and the other corresponding to

vertebrate evolution. Of approximately 11,000 eukaryotic

genes present in humans, over 90 % existed prior to the

emergence of mammals [8]. Mammals have added

approximately 17 new microRNA families to their genome,

and, with a few exceptions, we know hardly anything about

their role in mammalian biology. Throughout vertebrate

evolution, at least 41–72 new microRNA families found

their way into the genomes of the most basic vertebrates,

lampreys [9]; as time progressed, advanced vertebrates

added another 16 microRNA families to the repertoire,

many of which have several members each, producing a

myriad of microRNAs. In this light, the expansion of the

microRNA gene repertoire is remarkable.

Where did all of these new microRNAs come from?

Many of them may have developed from CpG islands,

repetitive elements within a genome, while others may have

developed from pre-existing microRNAs. Such a constant

flow of new microRNAs explains how so many microRNAs

are species-specific and lineage-specific [10, 11].

The correlation between evolutionary increases in mi-

croRNAs and the generation of new cell types is also

striking. The Cnidarian Nematostella has approximately 49

microRNAs; the fruit fly has 240 microRNAs; Homo

sapiens has more than 1,500 microRNAs. At the same time,

Homo sapiens has at least 200 different cell types, while a

mere 14 different cell types exist in Cnidaria. Simply

contemplate the complex organization of the hair follicle

and estimate the number of different cell types involved in

the formation and maintenance of such a structure: stem

cells, matrix cells, inner root sheath cells with all of their

different subclasses, dermal papilla cells with their pre-

cursors, melanocytes with their precursors, and cells of the

sebaceous glands with all of their differentiation stages.

With such a diversity of cell types and lineages, microR-

NAs seem to be the ideal tool to provide a robust system

for swift and clean transitions between various differenti-

ation stages.

Fig. 1 History of microRNA research. Timeline of breakthrough discoveries in the young field of microRNA biology with a dermatology focus

Table 1 Comparison of Google and PubMed search hits for ‘‘skin’’

and other terms performed on 14 March 2012

Category Term Number of search hits

Google PubMed

Organs Heart 2,630,000,000 1,009,919

Skin 1,740,000,000 561,247

Brain 651,000,000 1,291,547

Lung 182,000,000 584,239

Liver 154,000,000 813,376

Colon 147,000,000 138,382

Bone 78,600,000 870,127

Immune system 51,400,000 937,981

Stomach 31,500,000 214,736

Kidney 25,200,000 620,483

Diseases Cancer 743,000,000 2,613,441

Diabetes 294,000,000 399,497

Alzheimer’s 180,000,000 84,365

Malaria 49,700,000 61,363
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As a final piece of supporting evidence, the rapid evo-

lutionary radiation of cichlids in East African lakes serves

as a wonderful model to demonstrate the potential power of

microRNAs. In the last million years, cichlids have

diversified enormously; yet, while minimal alterations have

occurred within their genomes, an analysis of microRNA-

binding sites in cichlid mRNAs from different species

suggests an important contribution from microRNAs in the

evolution of the diverse phenotypes of various cichlid

species [12].

These facts highlight the potential role of microRNAs

on complex gene expression regulation: microRNAs may

have been used evolutionarily to fulfill increasingly

important functions, and they may eventually contribute to

increasingly complex gene and network regulation possi-

bilities in the future. This concept highlights the

observation that evolutionarily younger genes harbor more

transcription factor and microRNA binding sites than older

genes, implying that younger genes retain more potential

for additional regulation than older genes [7–12].

How microRNAs work: another plethora of options

for noise control (or how working behind the scenes

can still make you famous)

MicroRNAs serve as the guides of a protein complex

known as RNA-induced silencing complex (RISC), which

regulates the translation of mRNAs. Each RISC is

associated with one of four different Argonaute proteins

(Ago 1–4). While the different functions of each Ago

remain for the most part unknown, Ago2 is considered to

be the most important of the four in as much as it interacts

with the majority of the microRNAs in the skin relative to

the others. Recently, Yi and colleagues have demonstrated

using the skin as their model system that the loading of

microRNAs into individual RISCs is a stochastic process

independent of the type of Argonaute protein in each

complex [13].

After loading, each RISC utilizes its incorporated

microRNA in order to interact with a target mRNA tran-

script. While the exact mechanisms behind this targeting

process are not well understood, several crude principles

have emerged through observation of its activity. For

example, nucleotides two through seven of the microRNA

transcript appear to play a significant role in the interaction

of RISC with the target mRNA. These six nucleotides are

collectively referred to as the ‘‘seed sequence’’ [14] of the

microRNA transcript, and several target prediction algo-

rithms utilize this seed sequence as a major factor in their

predictions (for example, Targetscan). Although the error

rates of such predictions can be high, a better under-

standing of the factors influencing the targeting process,

such as target abundance and seed pairing stability, may

improve target prediction [15].

Once the target mRNA is bound to the microRNA-

RISC, translation of the mRNA transcript will not occur.

The exact fate of the complex-bound target mRNA remains

Fig. 2 Evolutionary expansion

of microRNAs in

deuterostomes. Deuterstomes

and protostomes share an

ancient set of microRNAs,

including let-7 family members,

miR-31, and miR-34. Several

waves of microRNA expansion

occurred during deuterstome

diversification, most notably

associated with the emergence

of vertebrates and placentals.

The vast majority of

microRNAs discussed in this

review are either vertebrate or

placental specific. For reasons

of space and simplicity, only

microRNAs up to number

miR-375 were included
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debatable; however, it is known that target mRNAs can be

shuttled to specific cytoplasmic locations in the cell for

subsequent storage or degradation. Such loci/foci are

known as ‘‘P bodies’’ (‘‘processing bodies’’); while their

exact significance to proper microRNA function remains

unknown, their presence within a cell is tightly associated

with microRNA activity [16].

The previously described mechanism is well-accepted

among the scientific community. Outside of the popular

dogma, Moser and Fritzler [17] raised an important issue

regarding microRNA function when they compared micr-

oRNA profiles of total intracellular RNA extractions with

microRNA profiles of RNA extracted directly from

immunoprecipitations of RISC. In their comparison, they

found that many microRNAs were differentially repre-

sented between the two populations. While it remains to be

seen whether such findings are erroneous or whether they

truly represent another step in the control of microRNA

activity, such findings raise several novel questions: Could

there be a potential function of microRNAs outside of the

RISC? How valuable are microRNA expression data after

all? And what are the validities of microRNA arrays and

microRNA qRT-PCR analyses [18]?

Several gaps in knowledge still exist in regard to the

exact mechanisms behind microRNA activity; yet, the

notion that microRNAs play a direct role in the regulation

of gene expression is well established by the literature. If

we accept this notion, as well as the notion that ‘‘negative

feedback through mRNA provides the best control of gene-

expression noise’’ [19], then the next thing we need to

know is how to tame such a tool.

How to control the minions

MicroRNAs are powerful tools for the control of gene

expression, and their expression within a cell is tightly

regulated as well. As an example of this high level of

control, we would like to mention the work by Martello

et al. [20] that illustrates the role of microRNAs in verte-

brate embryonic development. The researchers demonstrate

that microRNAs that target the nodal receptor during

embryogenesis are expressed in a gradient that opposes that

of the nodal gradient itself. In addition to serving as a

practical example of how microRNAs actually work during

embryogenesis and improve the robustness of biological

processes, such findings demonstrate that the expression of

microRNAs can be closely regulated. Indeed, microRNAs

can be controlled at several points throughout their life

cycle: from the level of their transcription down to their

degradation. While the exact mechanisms are still ambiguous,

we would like to highlight several significant discoveries in

the recent literature.

A recent article in Nature by Poliseno et al. [21] indi-

cates that 30UTRs from different genes may participate in

microRNA regulation. The authors found that the 30UTRs

of pseudogenes, which were once considered superfluous

pieces of genetic information, may serve as buffers/traps/

decoys/sponges for microRNAs and may thus protect

functional mRNAs from the microRNAs that target them.

This study sheds new light in general on the many non-

coding RNAs that may potentially serve as such decoys.

In reality, few pseudogenes are expressed at sufficient

levels for microRNA regulation, and the microRNA system

should be robust enough to tolerate a few extra 30UTR

sequences that function as decoys; however, the authors

extrapolated their findings to reach some intriguing con-

clusions regarding the astonishing complexities of

microRNA regulation [22, 23]. In their work, they propose

the existence of several decoy mRNAs, termed competitive

endogenous RNAs (ceRNAs), that protect PTEN mRNA

from microRNAs and contribute to tumor suppression.

So far, the most convincing evidence of natural com-

petitor mRNAs contributing to gene expression control in

animals comes from a study on glioblastomas [24]. The

study identifies and implicates an additional set of ceRNAs

in protecting PTEN mRNA from microRNA-mediated

control. Furthermore, previous studies in plants established

such a decoy mechanism several years prior [25].

While the interpretations of these findings remain con-

troversial, results of such research do assure of us of one

thing: the regulation of microRNAs is complex; thus, mi-

croRNAs should not be underestimated in regard to their

impact on gene expression control. Not surprisingly, the

questions that such findings pose are manifold. What do

they mean regarding the application of microRNAs as gene

expression noise buffers and noise reducers? Will we be

able to simultaneously account for all of these complexities

in the context of cancer and other complex diseases? And if

so, will we be able to overcome them in order to apply

microRNA technology as cures for such illnesses? It seems

unlikely that clear answers to these questions will be

obtained in the near future, but new discoveries continue to

arise. For example, recent studies indicate that overex-

pression of the 30UTR of CD44 can by itself induce

metastasis, potentially via interference of microRNA

function [26]. Taken together, this wave of relatively new

data draws attention to our limited understanding of the

role of the ‘‘mysterious agents’’ known as microRNAs in

the process of gene expression control [27].

In addition to regulating intracellular microRNA levels

at various stages, cells can direct the impact of microRNAs

on gene expression via additional tools. As a ‘‘simple’’

example, alteration of the 30UTRs of mRNA transcripts

eliminates microRNA binding sites and thus helps avoid

targeting by microRNAs [28, 29]. Although it is not well
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understood how such a mechanism is carried out and

controlled, this process occurs on a global level in prolif-

erating cells and seems to function as a powerful

mechanism that enables cells to enhance protein output

without the inactivation of a substantial amount of mRNA

by microRNAs. Such a process may be disease-associated

and, if so, could be exploited to revert cells and tissues to

their previous states via restoration of the normal 30UTR/

microRNA balance. However, a greater understanding of

30UTR-regulation during disease processes is required

before potential benefits may be reaped.

As an alternative form of regulation, RNA-binding

proteins can directly alter the ability of RISC to interact

with the target mRNA transcripts, leaving 30UTR sequen-

ces unchanged. Such mechanisms are utilized by p53, a

tumor suppressor, which actually has so many microRNA

interactions that it is surprising that we elucidated anything

about its mechanism of action prior to the discovery of

microRNAs [30].

Lastly, underscoring the importance of microRNAs is

the discovery that viruses too possess integrated counter-

measures against microRNA-mediated cellular defense

mechanisms. A recent finding shows that murine cyto-

megalovirus specifically targets the antiviral miR-27 for

degradation via a novel mechanism that utilizes an mRNA,

m169, to inhibit and degrade miR-27 [31]. Interestingly,

m169 can be modified at the miR-27-binding site and

redirected to target a different microRNA. This exciting

discovery is another one of the latest—and unlikely one of

the last—examples of how microRNA activity can be

controlled.

Indeed, the complexity that microRNAs add to the

regulation of gene expression is mind-boggling; yet, such

complexity leaves little doubt about their crucial role in

the evolution of mammals. Given what we know, it is

not irrational to believe that the vast array of microR-

NAs at the disposal of mammals contributed directly to

the large variety of novel structures associated with their

skin.

MicroRNAs in the skin: regulators of differentiation,

proliferation, and appendage formation

The hair follicle mini-organ is the most apparent novel

structure shared by present day mammals. In the fossil

record, hair can be traced back an astonishing 164 million

years to proto-mammals. Hair follicles share similarities

with other vertebrate ectodermal adnexa—such as feathers,

scales, and even teeth—and mammals utilize similar

genetic programs to those of birds and fish in order to form

these novel epidermal structures [32]. Within these genetic

programs, microRNAs play major roles.

However, there are neither data on the expression pattern

nor on the role of any microRNA in bird skin and feather

development. This is unfortunate since feathers are probably

the most complex adnexa of vertebrate skin. Feathers are

clearly detectable in the fossil record in several dinosaur

groups as far back as 130 million years ago, making them

valuable objects to study the contribution of microRNAs to

the development of novel intricate structures characteristic

for vertebrates in general. A comparison of microRNA data

from bird feather development and hair folliculogenesis may

allow for a better understanding of the basic principles of

convergent evolution that governed the invention of hair,

feather, teeth, and scales.

The majority of the microRNAs expressed in the skin or

epidermis of vertebrates are from a limited number of

clusters or families (Table 2). Of the microRNAs that are

differentially expressed in skin (with or without hair fol-

licles), three microRNAs stand out as they exist only in

mammals: miR-105, miR-127, and miR-224 [33]. In

addition, Yi et al. identified five microRNAs that are pre-

valent in hair follicles compared to their presence in the

epidermis alone: miR-199a, miR-214, miR-126, miR-143,

and miR-152 [34]. While the majority of these microRNAs

are associated with the telogen phase of the hair growth

cycle [35], several of these microRNAs may play a crucial

role in the formation of this novel appendage.

In mice, the prototypic mammalian genetic model ani-

mal, hair follicles are affected by the loss of the key

enzymes of microRNA biogenesis: Dicer, Drosha, and

DGCR8 [33, 34, 36]. Tissue-specific deletion of either gene

results in very similar phenotypes, including the inability of

many hair follicles to grow into the dermis and the emer-

gence of dermal papillae in the epidermis. Another

phenotype involves a disruption of the normal scale pattern

on the tail. The development of such a phenotype supports

the idea that microRNAs ensure a high degree of canal-

ization or the ability to produce a consistent phenotype

regardless of environmental or genotypic variability during

development [37].

MicroRNAs are also required for postnatal hair growth.

Through a knockout of the essential microRNA biogenesis

enzymes Drosha and Dicer, we recently demonstrated that

microRNAs are necessary to maintain the highly prolifera-

tive matrix cells of the hair follicle [38]. In addition, recent

work by Yi and colleagues supports previous findings of

Dicer, Drosha, and DRGC8 knockout models through their

Argonaute protein knockouts in keratinocytes [13].

Limitations of Dicer, Drosha, and DGCR8 knockouts

These knockout studies reveal that microRNAs in general

are essential for the proper formation and maintenance of
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hair follicles because of decreased proliferation and

increased apoptosis in their absence; however, such Dicer,

Drosha, DGCR8, and Argonaute knockout models come

with flaws. Most significantly, while these knockout

models adequately represent the simultaneous loss of large

sets of microRNAs (multi-knockouts), they fail to represent

the loss of individual microRNAs (single knockouts). Thus,

while they have served to establish the significance of

microRNAs in the skin in general, they cannot help elu-

cidate the significance of individual microRNAs.

Although microRNAs are functionally closer to minions

than to master regulators of a control system, their allure

makes it tempting to treat them as individual master genes.

While the vast majority of microRNA knockout studies in

worms and mice do not result in obvious phenotypes, there

are some exceptions (miR-126 [39], miR-96 (deafness at

birth) [40], and miR-9-2/9-3 [41]). From the perspective

of skin biology, the most remarkable of these exceptions

is miR-205. The ‘‘Keck miRKO Knockout Pipeline’’

(http://rna.keck.ucsf.edu/miRKO-DB) at the University of

California, San Francisco (UCSF), has just released its first

set of data on several microRNA knockouts, and regarding

the skin, the only knockout with an embryonal phenotype

was that of miR-205. Overall, their efforts indicate that up

to 15 % of microRNA knockout models may exhibit

embryonal phenotypes [42].

Indeed, knockouts have become the standard technique

for studying the roles of microRNAs in other systems, but

regarding the skin, miR-205 is the exception. In fact, it is

the only microRNA associated with the skin or squamous

epithelia (mir-205, miR-203, or the miR-200 family) that

has been evaluated with knockouts as of yet. This is sur-

prising, considering that studies on miR-203 in particular

indicate that individual microRNAs may play important

roles in skin biology. Furthermore, the number of studies

that even address the role of individual microRNAs in the

skin is small. In the following paragraphs, we discuss the

results from those that have done so.

miR-31: regulation of the hair growth cycle

While the hair follicle phenotypes observed in conditional

Dicer knockout mice imply that microRNAs in general are

crucial for normal hair growth, the Botchkareva laboratory

published the first paper to address the significance of an

individual microRNA in such processes [35].

Their analysis demonstrates an association between

miR-31 and the anagen phase of the hair growth cycle, with

an emphasis on matrix cells [35, 43]. Together, with family

members from the miR-17–92 cluster [43], miR-31 seems

to function as a crucial regulator of proliferation in matrix

cells. Suppression of miR-31 results in an increased or

accelerated anagen phase, the active phase of the hair

growth cycle.

As implied earlier, microRNAs are far from simple, and

miR-31 is no exception. For example, miR-31 is associated

with psoriasis [44], and other data that have accumulated

on miR-31 merely hint at the complexities of microRNA

biology. On one hand, miR-31 is associated with pro-

growth and anti-metastatic properties in breast cancer [45];

on the other hand, it is regarded as a tumor suppressor in

mesothelioma [46].

miR-203: differentiation and regulation of stemness

In 2008, Pivarcsi and colleagues were the first group to

suggest that miR-203 serves a significant function in skin

biology [47]; in the subsequent year, a much clearer picture

of the role of miR-203 in the skin emerged [48]. Yi et al.

implicated miR-203 in mediating, and, perhaps more pre-

cisely, contributing to a proper and distinct transition from

basal cells to suprabasal cells in the epidermis. Its mech-

anism of action as a squamous differentiation marker

involves p63, one of its keratinocyte targets and the master

regulator of squamous cell fate. Through the downregula-

tion of p63 during epidermal stratification, miR-203

Table 2 The top ten microRNAs of various tissue types determined by several different experimental approaches

Tissue miR-#1 miR-#2 miR-#3 miR-#4 miR-#5 miR-#6 miR-#7 miR-#8 miR-#9 miR-#10

P1 M Skin [33] 199a 17 321 27 203 133b 24 let-7 127 205

M Epidermis [31] 16, 15b 203 17–92 125b 200, 141 34a let-7c, 99b 205 27b 21

H Skin [44] let-7a/f/b/c 143 203 451 21 26a 24 378 103 126

M Basal [43] 205 690 720 24 23a/b let-7f/a 141 200 26a 709

M HF Outer root sheath [43] 690 205 720 709 24 let-7f/a 23a/b 16 17 26b

M HF Matrix [43] 690 709 205 720 24 23a/b 16 691 let-7f/a/e 17–92

Danio skin [147] 205 let-7 23 203 98 22 199a 27a 204 125

Lamprey skin [148] 205 let-7a 200a 184 200b let-7c 34 1c 199a 16

For most cases, the top ten microRNAs made up more than 50 % of all microRNAs within that tissue type

H human, M mouse, HF hair follicle
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appears to ensure the induction of differentiation. While

the study lacks a clear loss-of-function model, it manages

to present miR-203 as a classic example of a microRNA

ensuring the transition between two cellular states: in this

case, from a proliferative, undifferentiated state to a post-

mitotic, differentiated compartment of a squamous epi-

thelium. By assisting in this decision process and

preventing the retention of any undifferentiated cells, miR-

203 aids the epidermis in its key functions, such as the

prevention of water loss and of penetration by hostile

germs.

While miR-203 is frequently likened to a stemness

inhibitor, such a comparison may be a bit of a stretch. miR-

203 is not used to inhibit stemness, but instead to ensure

that the cell continues on the road to terminal differentia-

tion without complications. Therefore, it is more

appropriate to consider miR-203 as a sort of ‘‘roadblock’’

to proliferation that is set up after the decision to differ-

entiate has been made.

Beyond miR-203: p63 and its entourage of microRNAs

p63 is a key regulator of epidermal cell fate. Since the

discovery of the connections between miR-203 and p63,

additional microRNAs have been implicated in the func-

tion of p63 as well. However, the data are not quite

consistent, most likely because of the differences in plat-

forms used to measure changes in microRNA expression as

well as different experimental approaches. Nevertheless,

miR-193a appears to be under the direct negative control of

p63 [49], as are miR-138, miR-130b, and miR-181 family

members [50], in addition to miR-34 family members [51].

On the other hand, miR-200 family members may be

upregulated by p63 [52]. The functional evaluations of

some of these p63 target genes indicate that they contribute

to the ability of p63 to control proliferation and senescence.

As a final note, one of the most convincing studies on

the relationship between p63 and microRNAs, by Chikh

et al., indicates that PPP1R13L, also known as iASPP,

protects p63 from being targeted by microRNAs, miR-720

and miR-574-3p. These microRNAs are suppressed by

PPP1R13L, which prevents p63 destabilization and termi-

nal differentiation. This study is significant in as much as it

emphasizes the importance of PPP1R13L in epidermal

homeostasis and illustrates the intricate interplay between

key epidermal regulators and microRNAs [53].

miR-125b: regulation of proliferation

The discoveries of lin-4 and members of the let-7 family

were epiphanic events in the fields of gene expression

regulation and microRNA biology. Not only were they

among the first microRNAs to be discovered and deter-

mined to be evolutionary-conserved, but the elucidation of

their important roles in non-vertebrate development and

stem cell biology have catapulted microRNAs to stardom

[54].

The lin-4/miR-125 family is as old as miR-31, and

thanks to studies in C. elegans, much is known about the

function of lin-4/miR-125 in non-vertebrates. miR-125 is

associated with tumorigenic processes in many tissues. For

example, in melanoma cells, miR-125 induces senescence

[55]. miR-125 is also downregulated in psoriasis [56] and

verrucous carcinoma [57], and generally has reduced

expression in squamous cancers. In cutaneous squamous

cell carcinoma cell lines, miR-125b was found to suppress

proliferation, colony formation, and the migratory and

invasive capacity of the cells [58].

The Fuchs laboratory provides the clearest data set on

the involvement of miR-125 in skin biology [43]. In their

publication, the authors present two significant findings: an

enrichment of miR-125b in early mouse hair follicle stem

cells and the reversible inhibition of hair growth by over-

expression of miR-125b. A target of miR-125b in vitro and

in vivo within keratinocytes, VDR, functions as a mediator

of this phenotype. VDR itself explains many of the dif-

ferentiation problems in the hair follicle after miR-125b

overexpression; however, they identified additional miR-

125b target genes that may have even more important

functions in the regulation of stem cell behavior. Hope-

fully, these additional targets will shed light on the

complex regulation, maintenance, and proliferation of stem

cells in the skin [43].

The analysis of targets in various species also supports

the notion that miR-125 is a general regulator of apoptosis

and proliferation rather than an isolated controller of stem

cell proliferation. Furthermore, miR-125 may be associated

with differentiation in normal human skin and inhibition of

proliferation in human keratinocytes [56]. The analysis,

which linked miR-125b to the p53 network, illuminated an

intriguing issue with the unbiased analysis of target genes:

while most of the microRNA targets are not conserved

across species (human, mice, zebrafish, etc.), the pathways

that are affected are conserved [59].

The let-7 family of microRNAs

let-7 is another ancient microRNA family with several

extremely conserved target genes that serve various func-

tions, such as the control of proliferation, differentiation,

and stemness, among other roles. If there ever was an anti-

stemness factor throughout evolution, it would have been

let-7. Among these conserved target genes, lin-28 and
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lin-41/TRIM71 stand tall; however, let-7 family members

also appear to control cell cycle genes, including cyclins

and CDKs [60], as well as the oncogenes Ras [61] and

HMGA2 [62].

All of the data on the let-7 family indicate that its

members can function as tumor suppressors. In the skin,

the organ with the highest tumor incidence, let-7 members

could be critical players in tissue homeostasis via control of

the growth and differentiation of stem cells. Indeed, the

analysis of lin-41/Trim71 expression in mouse embryonic

epidermis reveals a basal cell pattern inverse to let-7 [63].

Such data support the model of microRNAs mediating the

transition from an undifferentiated cellular state to a dif-

ferentiated suprabasal state.

With this in mind, we speculate that let-7 microRNAs

function as key regulators of cutaneous differentiation

processes. Not only are they, along with miR-203, among

the most abundant microRNAs expressed in the epidermis,

but they are also preferentially expressed in differentiated

cells [64]. Therefore, let-7 microRNAs may complement

miR-203 in the suppression of genes associated with the

basal layer cell phenotype.

In addition, a new link was recently established between

let-7 and lin-28, a let-7-regulating protein [65]. The mRNA

AU-rich element binding factor ZFP36 (tristetraproline,

TTP), a key regulator of skin inflammation, mediates the

degradation of lin-28, thereby increasing the expression of

let-7. ZFP36 is regarded as a potential tumor suppressor,

specifically in melanoma and squamous cell carcinomas

[66, 67].

Depending on the analysis and tissue starting material,

data demonstrate that the miRNome of the skin is domi-

nated by let-7 family members along with a small number

of other microRNAs: miR-143, miR-203, miR-451, miR-

21, and miR-26a [44]. Based on such expression data, these

microRNAs seem to occupy the majority of RISC com-

plexes (Table 2). However, despite such discoveries, no

efforts have been undertaken to test the hypothesis that let-

7 microRNAs are crucial regulators of epithelial differen-

tiation. The fact that the family has 12 members scattered

across the genome and often aligned with other microR-

NAs in clusters may have hampered the analysis of the

function of let-7 microRNAs in mice and humans.

Redundancy of the microRNA system

Then perhaps microRNAs function as a palladium of dif-

ferentiation: gatekeepers of the differentiated phenotype

that insulate cells from retrograde routes of dedifferentia-

tion [63]. Given the high expression and domination of

microRNA activity within differentiated cells, it is possible

that miR-203, let-7, and miR-125 engage in a ménage à

trois to prevent the system from drifting back to a basal cell

fate (Fig. 3). Thus, instead of each microRNA working

alone to fulfill an important task, microRNAs could instead

work together.

As mentioned earlier, microRNAs mainly function as

effectors—not master regulators—of a control system that

participate in gene expression buffering, noise reduction,

and fine-tuning of biological processes. Thus, redundancy

within the microRNA system is appropriate, and by defi-

nition, most microRNA knockouts should only result in

minimal to mild phenotypes. Indeed, redundant systems are

a recurring theme in biology. For example, organisms often

have functionally redundant proteins encoded by com-

pletely different portions of the genome in order to ensure

survival in case of mutation, loss, or other unforeseen

circumstances. The microRNA system need not be an

exception to this trend, and in fact, studies in C. elegans

support this notion.

In C. elegans, most individual microRNA losses are of

no consequence in this animal [68]. However, harm can be

accomplished through weakening the entire system via

reduction of overall microRNA production followed by

deletion of a specific microRNA [69]. In this scenario, not

only is the microRNA in question downregulated, but by

weakening the entire system, the possibility of any

unknown functionally redundant microRNAs is accounted

for. Thus, the elimination of the microRNA in question

remains unchecked by redundant mechanisms, and a phe-

notype develops.

As in C. elegans, few microRNA knockouts in mice

result in obvious embryonal phenotypes, with most

knockout animals surviving to adulthood without any

problems. To add insult to injury, within these unsuccessful

first waves of microRNA knockout mouse models,

researchers focused on popular microRNAs with poten-

tially important functions. As a recent example, it has been

demonstrated that a complete inactivation of miR-34, an

attractive candidate for a knockout phenotype, is still

Fig. 3 The palladium of differentiation hypothesis: gatekeepers of

the differentiated phenotype. MicroRNAs function as roadblocks to

proliferation set up after the decision to differentiate has been made.

In the epidermis, miR-203, let-7, and miR-125b work together with

other highly expressed microRNAs to prevent the system from

drifting back to a basal cell fate (blue cells) by suppressing genes

associated with the basal layer cell phenotype: lin-41/TRIM71,

FGFR2, P63, and cell cycle-related genes
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compatible with normal development in mice. While miR-

34 is implicated as an integral modulator of the p53 path-

way, p53 function still remains intact in miR-34-deficient

tissues; thus, a knockout of miR-34 does not inhibit p53-

induced apoptosis [70]. Such results are suprising; how-

ever, a redundancy in the microRNA system could account

for the lack of phenotypes seen in these knockouts by

compensating for individual eliminations and masking

phenotypic effects.

If this is this case, then in order to elucidate the role of

individual microRNAs in the skin, we must apply novel

methods to our research: manipulating individual microR-

NAs in combination with weakening the entire microRNA

system. The latter could be induced via downregulation—

not knockout—of proteins essential to microRNA biogen-

esis: Dicer, Drosha, DRGC8, or RISC-associated proteins.

Through doing so, one would reduce possible redundancies

that could interfere with and mask phenotypic effects of the

original elimination.

To further validate the notion that individual microRNAs

can play major roles in the skin, we will spend the remainder

of this review highlighting the current knowledge of mi-

croRNAs in clinical processes of the epidermis. These

highlights also emphasize the significance of microRNAs in

therapeutic applications for various pathologies and the

direction of microRNA-related research.

MicroRNAs in regeneration and wound healing

The skin is also a place of rare mammalian tissue regen-

eration: hair follicle neogenesis in wounded mice, post-

amputation bone regeneration, and the annual de novo

formation of antlers in deer [71], among other examples.

However, the classical models of tissue regeneration stem

from other vertebrates, including the fish fin and almost

everything regarding the newt. Thus, the little amount that

we do know regarding the role of microRNAs in regener-

ation stems solely from non-mammalian models [72].

As an example, zebrafish fin regeneration is accompa-

nied by global changes in microRNA expression involving

miR-31, miR-21, and, most notably, miR-133. Downreg-

ulation of miR-133 by FGF signaling is essential for proper

fin regeneration [73]. In addition, miR-133 is also down-

regulated in salamander tail regeneration [74]. However,

several other microRNAs show more dramatic changes,

such as miR-196b, whose upregulation also affects prolif-

eration in the blastema [75].

Since regeneration in these examples follows wound

healing, formation of a blastema, and differentiation of lost

tissue, questions arise regarding the role of microRNAs in

wound healing and their application to overcome obstacles

in chronic wound care. Chronic wounds exemplify the

challenges that health-care systems face in Western coun-

tries with an increased occurrence among aging

populations and patients with diabetes and/or cancer.

A study by Biswas et al. [76] reports the first significant

contribution to our understanding of microRNAs in poorly

healing ischemic wounds. Biswas et al. demonstrated that

miR-210, a microRNA well documented to be induced by

hypoxia and HIF-1a, inhibits the proliferation of kerati-

nocytes in vitro and, therefore, may contribute to impaired

healing of ischemic wounds in vivo.

MicroRNAs may also play a role in the formation of

fibroproliferative keloids, which represent a form of

abnormal wound healing. The Yamashita laboratory

recently identified several microRNAs associated with

keloid formation by comparing the expression profiles of

keloid-derived fibroblasts with those of normal fibroblasts.

Results include 20 downregulated and 7 upregulated mi-

croRNAs, with miR-196a in particular exhibiting the

greatest change. The researchers found that the level of

expression of miR-196a was inversely related to the level

of secretion of type I and III collagens [77]. Unfortunately,

aside from these isolated reports, little is known regarding

the role of microRNAs in cutaneous wound healing. Thus

far, the only microRNAs implicated in proliferation and

migration control during wound healing are mir-483-3p

and miR-21, respectively, in addition to miR-210 [78].

The process often associated with wound healing but not

clearly demonstrated to occur until recently [79] has fared

better with the microRNA community: epithelial-mesen-

chymal transitions (EMT) are key to many developmental

processes, wound healing, and, of course, tumor invasion

and metastasis.

MicroRNAs in cancer

The TGF-b-induced epithelial-mesenchymal transition

(EMT) is a prime example of the relevance of microRNAs

to cancer biology. The miR-200 family members constitute

an integral portion of the network controlling EMT through

their suppression of the transcription factors ZEB1 and

ZEB2. In turn, ZEB1 and ZEB2 mediate the switch from

epithelial to mesenchymal cell type via two processes:

control of E-cadherin, the master of epithelial integrity, and

suppression of the expression of miR-200 family members.

miR-200 is also activated by another set of master regu-

lators, p63 and Notch signaling (Fig. 4) [80, 81].

Unfortunately, this straightforward and mechanistically

beautiful miR-200/ZEB network in EMT cannot be

extrapolated to other cell types, such as melanocytes/mel-

anoma [82, 83]. This inability highlights the problems that

come with oversimplification and ignorance of the com-

plexities of molecular biology. There is no good reason to
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assume that a given microRNA retains the same target

genes across different cell types and that target spectrums

remain the same in identical cell types across different

species. Nevertheless, in keratinocytes, miR-200 down-

regulation is indeed associated with EMT and suppression

of metastatic behavior in vivo [84].

It remains to be seen whether our enthusiasm about

microRNAs will precipitate into therapeutic applications in

the fields of wound healing, tissue regeneration, and can-

cer. If so, dermatology may become the forefront of testing

microRNA-based therapies because of easy access to

affected tissues and an urgent need for improved care of

wounds. Only time will tell.

However, microRNAs continue to demonstrate signifi-

cant roles within all of the signaling networks implicated in

cancer: p53, TGF-b signaling and EMT, cell cycle regu-

lation, apoptotic cell pathways, and invasion and

metastasis, among others. We will take a step back and

look at the changes in gene expression networks that take

place in cancer cells as well as the role of microRNAs in

such processes.

Let us assume that signaling networks function as

complex adaptive systems that allow ‘‘a high degree of

resilience and robustness to environmental challenges

through their self-adaptation and internal self-organiza-

tion’’ [85]. These complex adaptive systems utilize simple

networks with feedback and feedforward circuitries in

order to stabilize gene expression or promote cell fate

decision, and microRNAs make important contributions to

the stability of these networks [86]. The well-balanced

nature of these networks likely relies upon these microR-

NAs, which prevent them from falling from the edge of

chaos into actual chaos. Thus, in this scenario, microRNAs

serve as foot soldiers against chaotic forces in order to

support the maintenance of gene expression in its tissue-

and cell-appropriate healthy limits.

But how does this impact cancer development in the

skin? The microRNA system seems to remain more or less

intact in squamous cell cancer (SCC), since only limited

changes in microRNA expression occur during SCC for-

mation. However, the perturbations of mRNA expression

are profound and consequently raise questions regarding

the functions of the microRNA/RISC system in this new

environment: How do they confront, buffer, and control

gene expression with this altered mRNA expression [21–

28]? We still await answers to such questions, but the

knowledge base of the role of microRNAs in cancer has

grown because of recent discoveries in various skin

cancers.

Squamous carcinogenesis from the microRNA

perspective: miR-21

As mentioned previously, tumor formation is accompanied

by massive changes in gene expression [87]; however, in

contrast to the drastic alterations observed in mRNA and

protein expression, the miRNome actually appears to

remain relatively stable. Does this mean that microRNAs

are mere bystanders in carcinogenesis? Hardly.

Although the literature is slightly lacking in this case,

crude evidence exists regarding changes in microRNA

expression during squamous cell carcinogenesis [88].

Specifically, the microRNA miR-21 has been evaluated for

its impact on skin carcinogenesis. While an elimination of

miR-21 does not result in any obvious consequences

Fig. 4 MicroRNAs in

epithelial-mesenchymal

transition (EMT). MicroRNAs

regulate EMT by suppressing

transcription factors and

pathways that mediate the

transition from the epithelial to

mesenchymal phenotype. In

turn, these microRNAs are

regulated by other pathways
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regarding development or day-to-day adult living in mice

[89, 90], the absence of this tumor-associated microRNA

has an impact on mice challenged with a chemical skin

carcinogensis regimen. Mice deficient in miR-21 exhibit

reduced incidences of tumors, slightly reduced rates of

proliferation, and increased rates of apoptosis. Further-

more, keratinocytes utilize miR-21 to activate the Ras

signaling pathway, as miR-21 inhibits PTEN, SPRY1, and

other molecules involved in the negative control of Ras

signaling [89]. In Ras-transformed keratinocytes, the

downregulation of several tumor-related targets by miR-21

is actually enhanced, presumably because of a downregu-

lation of DND1, an RNA-binding protein, during

transformation [91]. Such findings establish that the ele-

vated expression of miR-21 observed in all malignancies

truly participates in tumor formation in contrast to merely

serving as bystander noise.

Like miR-31, miR-21 is regarded as a TGF-b super-

family target gene, but while miR-21 is induced by TGF-b,

it is repressed by BMP4 (Fig. 5) [92, 93].

A separate set of experiments implicates miR-21 as a

regulator of Grhl3, a member of the grainyhead family

[94]. In turn, Grhl3 has been demonstrated to bind and

repress the miR-21 promoter; thus, the two agents seem to

function in a sort of regulatory homeostatic interplay [91].

A lack of Grhl3 results in increased tumor formation in

chemically induced skin carcinogenesis studies through

loss of PTEN regulation. PTEN and Grhl3 are both targets

of miR-21, which is overexpressed in essentially all forms

of squamous cell carcinoma. Indeed, while miR-21 is

highly expressed in both squamous cell carcinoma and

verrucous carcinoma, PTEN is downregulated in both, and

the differential expression of p63 in verrucous carcinoma

inversely correlates with levels of miR-21 [57]. Thus, miR-

21 may play a role in skin carcinogenesis via direct tar-

geting of PTEN or by targeting of one of its prime

epidermal inducers, Grhl3 [94].

Melanocytes and melanoma

Like keratinocytes, melanocytes cannot grow in vitro

without the microRNA-processing enzyme, Dicer. In turn,

Dicer is under the control of MITF [95], the melanocyte

lineage master gene, and can also be regulated by TAp63,

an isoform of the keratinocytes’ master gene, p63 [96].

This regulation indicates that Dicer and microRNAs may

serve as central signals in cutaneous cell lineage mainte-

nance networks.

Unfortunately, the data on microRNAs and their role in

melanocytes and melanoma are relatively limited. While an

authoritative review of our current knowledge has recently

been published [97], we would like to highlight a few

significant findings (Fig. 6).

A meta-analysis of several studies on microRNAs in

melanoma and melanocytes reveals the upregulation of

several microRNAs in melanoma: miR-21 (the ubiquitous

tumor marker), the miR-17-93/106 cluster (the prototypic

oncomiR cluster), miR-214, and miR-155. The meta-

analysis also reveals the downregulation of miR-211, miR-

193b, and miR-196a.

However, the data set is difficult to interpret because of

the wide variety of platforms and techniques utilized to

determine these ‘‘melano-miRs.’’ In addition, studies of

cultured melanocytic cells and real tumor samples are

difficult to compare to one another, since real tissue sam-

ples retain an underlying complexity because of the

presence of multiple cell types within a sample. For

example, comparisons between in vivo and in vitro sources

demonstrate a downregulation of miR-203, miR-205, and

miR-23 in melanoma samples. This finding is not surpris-

ing considering that the three are epidermal microRNAs

that dominate most skin samples (Table 2). Such ‘‘con-

tamination’’ issues have plagued many melanoma

microRNA studies. On the other hand, in vitro analyses of

microRNAs may completely neglect microRNAs that play

crucial roles in metastasis as well as microRNAs that are

not expressed under in vitro conditions but play important

roles in vivo for melanocytes and melanoma cells.

miR-214 is an example of the latter case. miR-214

exhibits pro-metastatic abilities, but its in vitro and in

vivo expression patterns are confusing. While a few

studies demonstrate a reduction of miR-214 levels in

melanoma, other studies demonstrate an increased

expression of miR-214. In vitro, miR-214 is upregulated

during melanocyte differentiation but is also expressed at

higher levels in melanoma cells than in melanocytes. At

the same time, in an in vivo melanoma progression and

metastasis model, miR-214 exhibits a correlation with the

metastatic phenotype and could confer metastatic potential

by interfering with the AP2c (TFAP2C) gene expression

program [98].

Fig. 5 Model of miR-21 function. miR-21, the prototypic oncomiR,

promotes tumorigenesis by targeting the mRNA transcripts of

molecules involved in the negative control of Ras signaling: PTEN,

Spry1, and Grhl3. miR-21 is also upregulated by TGF-b and

downregulated by BMP4. Conversely, competitive endogenous RNAs

(ceRNAs) suppress tumorigenesis by protecting PTEN mRNA from

microRNAs, such as miR-21
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The situation is slightly clearer with miR-211, which is

primarily expressed in pigmented tissues, making it the

best bet for a ‘‘melano-miR’’ [99]. Most reports describe a

reduction of its expression in melanoma versus nevi as well

as in melanoma cells versus melanocytes. miR-211 is also

upregulated during melanocyte differentiation.

Two more microRNAs frequently overexpressed in

tumors, miR-221 and miR-222, are also overexpressed in

melanoma. In general, miR-221 and miR-222 are asso-

ciated with more aggressive melanoma cells [100]. One

of miR-221’s confirmed target genes is c-KIT [101, 102].

An SNP in a conserved miR-221 binding site in the

30UTR of c-KIT is associated with an increased risk of

acral melanoma. This same variant is also associated

with higher levels of c-KIT in melanoma samples as

well as conferred ‘‘resistance’’ to the activity of miR-

221. Thus, this c-KIT 30UTR ‘‘mutant’’ allele may serve

as a critical contributor to melanomagenesis in this

subset of melanoma [103].

In general, however, c-KIT expression levels are

reduced in melanoma samples and in melanoma tumor

cell lines, with miR-221/222 serving as major contribu-

tors to this reduction. In turn, the expression of miR-221/

222 depends upon the loss of promyelocytic leukemia

zinc finger (PLZF), a strong repressor of miR-221/222

expression.

As a final note, the miR-17-92 cluster is also overex-

pressed in more aggressive melanoma cells and increases

their proliferation rate [100, 101]. The miR-17 family of

microRNAs is notorious for its complex distribution

throughout the genome in three polycistronic microRNA

clusters containing members of three additional microRNA

families (miR-19, miR-25, and miR-363) with four dif-

ferent seed sequences. Out of the three clusters, the miR-

17–92 cluster serves as the most important in cancer based

upon the widespread overexpression of the miR-17–92

cluster in various types of malignancies [104].

Basal Cell Carcinoma

While basal cell carcinoma (BCC) is by far the most

common cancer in humans, research regarding the role of

microRNAs in BCC has just begun. Sand et al. have been

one of the first to document the differential expression of

several microRNAs in BCC. Through analyses of micro-

array and quantitative real-time reverse transcription

polymerase chain reaction (qRT-PCR) data, the research-

ers characterized the BCC miRNome and discovered

16 statistically significant upregulated microRNAs as well

as 10 statistically significant downregulated microRNAs

in BCC biopsies versus normal skin samples. Several of

these microRNAs, including miR-17, miR-20a, and miR-

92a, are associated with known tumorigenesis pathways,

such as the MAPK/ERK signaling cascade [105]. How-

ever, this represents just the tip of the iceberg, and we

await additional studies on the role of these microRNAs

in BCC.

Fig. 6 melano-miRs: miR-214,

miR-211, miR-221/222, and the

miR-17–92 cluster. Summary of

the roles each of these four

microRNAs play in melanoma
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Cutaneous T cell lymphoma: microRNA signatures

as diagnostic tools?

Ralfkiaer et al. also utilized microarray and qRT-PCR

technology in order to develop a differential expression

profile for cutaneous T cell lymphomas (CTCLs); however,

the researchers took their work one step further and actu-

ally applied their findings clinically in the form of

diagnostic profiling. CTCLs are the most prevalent primary

cutaneous lymphomas, and early diagnosis of the disease

can be an issue because of its similar appearance (both

grossly and histologically) to other pathologies. After

identifying several upregulated (miR-326, miR-663b, miR-

711, and miR-155) and downregulated (miR-203 and miR-

205) microRNAs in CTCLs versus other cutaneous dis-

eases, the researchers developed a qRT-PCR-based

classifier consisting of miR-155, miR-203, and miR-205,

capable of differentiating CTCLs from other cutaneous

pathologies with high accuracy [106]. Their publication is

among the first to demonstrate the practical potential of

developing and utilizing disease-specific microRNA clas-

sifiers in a clinical setting.

Another recent example involves work on microRNA

alterations in different subtypes of melanoma. Researchers

at the New York University School of Medicine developed

a microRNA signature that differentiates between the two

most prevalent melanoma histological subtypes: nodular

and superficial spreading melanoma [107]. Such examples

demonstrate that, in addition to their potential as future

therapeutic targets, microRNAs may serve a useful clinical

function even today. Inasmuch as different diseases are

likely to have very different microRNA expression profiles,

such microRNA classifiers could function as relatively

simple and practical disease markers with high diagnostic

potential.

Alterations of the microRNA machinery in skin disease

In addition to the differences in microRNA expression

profiles of various dermatologic diseases, expression levels

of the genes responsible for microRNA processing and the

RISC have been evaluated in several cutaneous patholo-

gies. Thus far, the data are complex and deviate from the

simple notion that a reduction of Dicer levels is beneficial

for cancer formation [108, 109].

For example, in actinic keratosis, basal cell carcinoma,

and squamous cell carcinoma, the microprocessor complex

component DGCR8 and several components of the RISC

were found to be significantly upregulated compared to

normal skin controls [110]. Drosha too was demonstrated

to be upregulated in both basal cell carcinoma and squa-

mous cell carcinoma, while Dicer expression levels were

found to be significantly lower in basal cell carcinoma

compared to normal skin controls [111].

Regarding melanoma, some components of the RISC

(Argonaute-1, TARBP2, and SND1) were downregulated

in primary cutaneous melanoma versus benign melanocytic

nevi; however, two of these same components (TARBP2

and SND1) were actually upregulated in melanoma

metastases versus benign melanocytic nevi [112].

A separate group of researchers, Ma et al., have dem-

onstrated an upregulation of Dicer expression in cutaneous

melanoma [113], and Jafarnejad et al. examined such

aberrations in closer detail to find that Dicer expression is

essential for the inhibition of melanoma cell invasion. The

latter researchers found that a knockdown of Dicer

enhances melanoma cell invasion, and clinically speaking,

Dicer expression has a negative correlation with melanoma

disease progression. Interestingly, the researchers also

demonstrated that Sox4, which is downregulated in meta-

static melanoma, upregulates the expression of Dicer via

binding to its promoter sequences [114].

On the other hand, increased expression levels of Dicer

have been implicated as a potential molecular marker

revealing a negative prognostic influence in some subtypes

of cutaneous T cell lymphomas, including mycosis fun-

goides [115].

These findings highlight once again the complexities of

microRNA biology. Although reduced levels of Dicer

enhance tumorigenesis in animal models, and many human

tumors show lower Dicer levels, the retention of Dicer

activity seems important for the tumorigenic process. It

should be noted, however, that tumors can be derived from

Dicer-deficient cells [116]. Thus, it is still unclear as to

what drives this haploinsufficient tumor suppressor path-

way. More detailed studies on the status of Dicer in

cutaneous malignancies may help better explain the biol-

ogy of these tumors.

Holding the line: microRNAs contribute to the first line

of defense against pathogens

The skin participates in innate immunity by functioning

as the first physical barrier to impede the entry of

infectious agents. In addition to serving as a mere

hydrophobic barrier, the epidermis functions as the first

guard of the immunosurveillance system and plays a role

in adaptive immunity as well. Langherans cells, lym-

phocytes, mast cells, and resident dermal macrophages

combine forces to make up skin-associated lymphoid

tissue (SALT), which contributes to the defensive func-

tions of the skin. Epidermal cells also have their own

antibacterial weapons at their disposal, such as defensins

and cathelicidins.
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While the exact role of microRNAs in the battle against

invaders remains unclear, evidence exists of their role in

the immune system. MicroRNAs are implicated in the host

response to bacteria and other pathogens [117]. MicroR-

NAs are implicated in managing essential features of

inflammatory responses as well [118], such as the modu-

lation of cytokines during skin inflammation [119].

Consequently, they are thought to play a role in inflam-

matory disorders of the skin, such as atopic dermatitis

[120] and allergic contact dermatitis [121]. MicroRNAs are

also implicated in the pathogenesis of several other disor-

ders of the skin, such as psoriasis and scleroderma [122,

123]. In psoriasis, levels of miR-424 have been demon-

strated to be markedly decreased and associated with

keratinocyte hyperproliferation [124]; in scleroderma,

miR-92a is associated with pathogenesis of the disease

[125].

In Langherans cells of the skin, microRNAs are neces-

sary for proper maturation, function, and maintenance. An

absence of Dicer, and thus of microRNAs, results in greater

turnover and apoptosis rates of Langherans cells in vivo.

These Dicer-deficient cells are inhibited in their ability to

stimulate T cells and to induce their proliferation [126].

Regarding dendritic cells in general, microRNAs have

been shown to modulate tolerogenic properties. In partic-

ular, miR-23b has been shown to initiate tolerogenic

dendritic cell activity and to stimulate the differentiation of

T-regulatory cells in vitro. These responses are thought to

be carried out through a downregulation of the Notch1 and

NF-jB signaling pathways. Thus, microRNAs may also

have potential as therapeutic targets in allergen immuno-

therapy [127]. Interestingly, miR-23b has also been

demonstrated to be downregulated within inflammatory

lesions of patients with rheumatoid arthritis or lupus. In

human cell lines and mouse models, IL-17 is responsible

for this suppression of miR-23b and thus contributes to the

autoimmune pathogenesis of these diseases [128].

Exosomes: microRNAs in intercellular signaling

In order to magnify immune effects, dendritic cells com-

municate with one another through various mediums,

including direct cell-to-cell communication, soluble medi-

ators (proteins), and vesicle exchange. The latter includes

the transfer of exosomes, nanovesicles produced from an

endocytic mechanism. These exosomes have been found to

contain fully functional microRNAs, and their microRNA

profiles differ significantly from those of their maternal

cells [129]. Following fusion with the target cell mem-

brane, these exogenous exosome-shuttle microRNAs are

released into the cytosol and repress target mRNAs in order

to regulate functions of the target dendritic cell [130].

Exosomes are generated by other cells of the immune

system, such as mast cells, and have been shown to present

viral antigens and activate immune cells during cellular

responses [131, 132]. It has even been demonstrated that

microRNAs exported from malignant cells are packaged

differently than those released by normal cells [133]. It is

also true that exosomes are present in the circulation and

various biological fluids [134].

The origin of circulating microRNAs, however, is con-

troversial. Through various assays, the Burwinkel

laboratory previously claimed that the majority of circu-

lating microRNAs are actually associated with the highly

stable Ago2 protein, a part of the RNA-induced silencing

complex (RISC), and are most likely mere remnants of

dead cells [135]. Recently, though, the Illei laboratory

demonstrated that the majority of microRNAs in both

serum and saliva are in fact of exosomal origin. The

researchers attribute the differences in findings to their

superior method of exosome isolation and claim that proper

exosome isolation is essential for sensitivity of detection

[136]. Nevertheless, while the connotation behind ‘‘serum-

derived microRNAs’’ remains under debate, the novel

exosome-shuttle mechanism supports the notion that mi-

croRNAs may be utilized for intercellular signaling and

may function as part of a signaling system with resem-

blance to hormones.

Beauty and microRNAs: the miRNome of aging

It is well known that aging is not skin deep, but in reality,

lies far beneath the surface, affecting every system within

our bodies and creating serious problems for the health care

sectors of modern societies because of increasing average

life expectancies. A dire need exists for contributions from

the biomedical research community toward treatments of

aging-associated diseases that threaten our continuously

enlarging elderly population; while the skin is not regarded

as a major contributor to the frailty of the aging process, it

is definitely the organ that best epitomizes this slow pro-

cess of decline [137]. Indeed, through hair loss, wrinkles,

and pigmentation abnormalities, the skin fully conveys the

long story of aging.

In addition to conveying the process, the skin contrib-

utes towards research on the subject. Studies on in vitro

aging and senescence have been driven forward by the

analyses of skin keratinocytes and fibroblasts. In vitro,

mimicking aging in senescence assays results in very dif-

ferent sets of senescence-associated microRNAs in

fibroblasts and in keratinocytes [50, 138]. Only miR-23b,

miR-24, and miR-34 appear to be upregulated during the

senescence program in both cell types, while microRNAs

of the miR-17–92 and related clusters as well as miR-15/16
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and miR-155 family members are negatively affected in

fibroblasts. In vivo, the expression of microRNAs of the

very same miR-17–92 clusters is reduced in human skin

with age [139].

During senescence, the epigenome is altered with the

formation of senescence-associated heterochromatin foci

(SAHFs). A recent report indicates that microRNAs interact

with Ago2 to repress RB1/E2F-target genes and contribute to

the silencing of proliferation-associated genes [140]. How-

ever, the importance of such microRNA/Ago2-mediated

transcriptional gene silencing is difficult to evaluate, since

data exist indicating that a lack of Dicer, and thus a lack of

microRNAs, induces senescence and upregulates p19(Arf)-

p53 signaling [141]. In addition, SAHFs are unlikely uni-

versal markers for senescence [142].

As interesting as it may be to establish the role of mi-

croRNAs in embryogenesis, the faculty of microRNAs to

stabilize cellular phenotypes may make them equally

important for the maintenance of the body throughout adult

life. The development of an organism or tissue during

embryogenesis is a fast and complex process; however,

once the organism is fully established, the lifelong main-

tenance of its health and fitness is the most important task

at hand. G.C. Williams eloquently summarized this para-

doxical inability of mammals more than 50 years ago: ‘‘It

is indeed remarkable that after a seemingly miraculous feat

of morphogenesis a complex metazoan should be unable to

perform the much simpler task of merely maintaining what

is already formed’’ [143].

In a sense, aging is merely the failure of keeping up with

such a task. Frailty associated with aging reminisces upon a

lack of robustness of the machinery in charge of homeo-

stasis. If, as mentioned previously, microRNAs are

believed to contribute to the robust nature of genetic pro-

grams, then perhaps a loss of proper microRNA function,

and thus a loss of this robustness, results in the failure of

carrying out the ‘‘much simpler task’’ (Fig. 7). Recent

advances in our understanding of microRNAs in aging and

cellular senescence that support this notion have been

summarized by Vikos, Slack, Gorospe, and colleagues

[144, 145].

As a final note, very few articles exist on the subject, but

in C. elegans, several microRNAs have been implicated in

aging and perform well as aging markers [146]. Perhaps

more detailed studies on the role of microRNAs in aging

will help our comprehension of troubles associated with the

aging process. microRNAs are regarded as excellent

markers for a plethora of cellular states and biological

processes; therefore, determining the changes in the miR-

Nome of aging tissues and cells may provide insights into

the aging process itself.

Conclusions

Based on the notion that microRNAs function to fine tune

and buffer gene expression, it is safe to assume that they

are involved in complex biological processes. In the skin,

the appendage best demonstrated as susceptible to aberra-

tions in microRNA function is the hair follicle. This makes

perfect sense. In addition to requiring a multifarious set of

genetic programs involving a variety of cell types and

Fig. 7 Yin and Yang of aging

and cancer: regulating the

balance. MicroRNAs prevent

systems from falling off of the

edge into chaos. By contributing

to the robust nature of genetic

programs, microRNAs may help

to maintain homeostasis.

Several microRNAs associated

with aging and cancer are

shown
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lineages and producing a variety of differentiation states,

hair follicle formation demands a high degree of gene

expression control—control that could only be achieved

with the help of microRNAs.

Mice have four different types of hair follicles, each

fulfilling a crucial function in the combined effort to pro-

vide a magnificent shield against environmental challenges.

Such a diverse and complex set of miniorgans surely

requires a high degree of canalization or ability to produce

a consistent phenotype, regardless of environmental or

genotypic variability, during development. Otherwise, hair

follicle types would get mixed up, spacing would be

inaccurate, and differentiation would fail to initiate

appropriately. As described previously, microRNAs have

been implicated in maintaining this high degree of canal-

ization. Thus, even an appendage as small as the hair

follicle requires microRNAs—yes, putting hair on one’s

chest requires microRNAs.

Indeed, while microRNAs were perhaps of less impor-

tance in the formation and maintenance of the ancient,

simple epidermis, experimental evidence supports the

notion that microRNAs serve as major players in hair

follicle biology. Unfortunately, the hair follicle currently

stands alone as a decently developed example of the role of

microRNAs in the skin. While bits and pieces of the puzzle

continue to be discovered, the exact involvement of mi-

croRNAs in the biology of the modern epidermis has yet to

be determined.

In order to elucidate the role of individual microRNAs

in the formation and maintenance of the epidermis, we

must move away from our current gold standards and

guides: Dicer, Drosha, and DRGC8 squamous epithelial-

specific knockout mice. In reality, many factors influence

the impact of an individual microRNA on gene expression

control: the ratio between target concentration and micr-

oRNA concentration, competition with other microRNAs

for RISCs, co-expression of functionally redundant mi-

croRNAs, and expression of decoys, among other

variables. Therefore, Drosha, Dicer, and DRGC8 knock-

out models may misrepresent, at least to some extent,

microRNA functions in the hair follicle and in the

epidermis.

Given the diversity of roles that individual microRNAs

can play in the skin processes and pathologies described

throughout this review, microRNAs should serve major

functions in the epidermis. While some progress has been

made through analysis of miR-31, miR-203, miR-125b,

and let-7, as we search for answers, we await loss-of-

function studies involving miR-203, miR-205, other miR-

200 family members, let-7, and other highly expressed

epidermal microRNAs as well as comparisons of these

phenotypes with those of previous Dicer, Drosha, and

DRGC8 knockouts.

Just when we thought that we had a decent grip on the

genetics of normal and pathological processes, the dis-

covery of microRNAs reopened our eyes and revealed a

novel layer of regulation finely interwoven among other

transcriptional and posttranscriptional regulation systems.

While we managed to clear the rain, the microRNA world,

with its undiscovered complexities, continues to fog our

view. As we return to our drawing boards, we must realize

that our linear thought process in studying disease may be

outdated. MicroRNAs are utilized by animals to reach a

level of network control that requires careful reevaluation

of our current perspective of how things work in our

bodies. Given their association with various pathologies,

the more we discover about these small, single-stranded

RNA molecules, the closer we should come to their use in

therapeutic applications for disease.
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