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Since the 1990s, RNA interference (RNAi) has become a major subject of

interest, not only as a tool for biological research, but also, more importantly,

asatherapeuticapproachforgene-relateddiseases.Theuseofshort-interfering

RNAs (siRNAs) for the sequence-specific knockdown of disease-causing genes

has led to numerous preclinical and even a few clinical studies. Applications for

cutaneous delivery of therapeutic siRNA are now emerging owing to a strong

demand for effective treatments of various cutaneous disorders. Although

successful studies have been performed using several different delivery

techniques, most of these techniques encounter limitations for translation

to the clinic with regards to patient compliance. This review describes the

principal findings and applications in cutaneous RNAi therapy and focuses on

the promises and pitfalls of the delivery systems.
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1. Introduction

The quest for the complete sequence of the human genome was completed in 2004
and resulted in ~ 25,000 genes [1]. The expression of each of these individual genes
needs to be controlled appropriately to suit the functions and environment of each
cell, and must change to respond to new conditions or signals [2]. Inappropriate
expression therefore often leads to gene-related diseases. With the availability of
DNA sequence information, the development of gene-based technologies for the
therapeutic treatment of these diseases is accelerating.

One of these technologies focuses on the RNA interference (RNAi) mechanism.
RNAi or RNA interference is a Nobel prize-winning discovery of the late 1990s that
demonstrated how gene expression can be controlled at the mRNA level by means of
double-stranded RNA [3]. Briefly, introduction of synthetic double-stranded RNA
(dsRNA), short-interfering RNAs (siRNAs), or short-hairpin RNA (shRNA) expres-
sing plasmid DNA into the cell leads to sequence-specific silencing of the comple-
mentary target gene. The dsRNA unwinds and hybridises with the messenger RNA,
which leads to mRNA cleavage and inhibition of protein translation. Of all antisense
technologies [4-6], RNA interference has the major advantage that this mechanism
recruits the same proteins as the miRNAs and thus benefits from the biological innate
system [6]. It also allows endogenous expression of siRNA molecules that can be
recycled after being used [4]. Although it has been demonstrated that ‘later generation’
antisense molecules show similar in vitro properties [7], others claim that RNAi
provides a stronger method of gene silencing than either antisense molecules or
ribozymes [8-11]. In addition, RNAi has a broader therapeutic potential than small-
molecule drugs owing to the possibility of sequence-specific suppression of any
disease-associated genes. With the potential power of RNA-based medicine as an
excellent mechanism to block disease-causing genes, the pharmaceutical world is
ready for a new area of drug development.

The types of study using siRNAs or shRNAs are highly diverse and are being
performed on an increasingly routine basis. Most reports describe the knockdown of
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one or a limited number of genes directly relevant to the
biological question under investigation. Other studies have
used RNAi to identify causal genes within disease-associated
genomic regions or biomarkers associated with compound
activity. Several clinical trials are focusing on the specific
reduction of a disease-causing gene by means of RNAi as a
therapeutic approach (for an overview, see [12]). One of the
main concerns with siRNA therapeutics is their safety. Off-
target effects, stimulation of immune responses and compe-
tition with endogenous RNAs, that is, miRNAs, need to be
monitored while testing RNAi therapies. These concerns have
been expertly summarised previously [13-15], and fall outside
the scope of this review.
Resistance to exonuclease digestion, the maintenance of

duplex stability, good pharmacokinetics and the minimisation
of nonspecific immunological responses are critical considera-
tions when applying siRNAs or shRNAs in vivo [16]. Chem-
ically modified siRNAs and carrier molecules have been used to
mitigate premature RNAi digestion. Localised siRNA delivery
avoids many problems associated with systemic delivery and
offers higher bioavailability. However, feasibility is dependent
on access to the target. The skin is the most accessible tissue for
topical or localised RNAi therapy. This review focuses on
delivery strategies of siRNAmolecules to skin cells, in vitro and
in vivo, and addresses the most important studies with relevant
outcome for a variety of skin disorders.

2. Mechanism of RNA interference

RNA interference is a regulatory mechanism within eukaryotic
cells. This process uses small dsRNA molecules to direct
homology-dependent control of gene activity through RNA
degradation. Exogenously introduced (long) dsRNA into cells
is processed by the RNase III-like protein Dicer, yielding 21- to
23-bp RNA fragments with 2-nt 3¢ overhangs (Figure 1). Known
as small interfering RNAs, these fragments are bound to the
dsRNA binding protein (transactivation response binding pro-
tein [TRBP]) of the RNA-induced silencing complex (RISC)
that targets complementary mRNA. A multifunctional protein
Argonaute-2 (Ago-2) is contained within RISC. Ago-2 unwinds
the siRNA, after which the sense strand of the siRNA is cleaved.
The now activated RISC contains the antisense strand or guide
strand and allows the single-stranded siRNA selectively to
recognise and cleave complementary RNA. Selectivity of strand
incorporation into the RISC is based on differential thermody-
namic stabilities of the siRNA ends. The least thermodynam-
ically stable end unwinds the 5¢ end of the guide strand. The
guide strand binds to the PIWI domain of Ago-2. Cleavage of
mRNA occurs at a position between nucleotides 10 and 11 on
the complementary antisense strand, relative to the 5¢ end. The
products are then released and the RISC with the antisense
strand can interact with another target mRNA molecule [17,18].
RNA interference can be triggered by two different path-

ways. The first uses synthetic 21 – 23 base duplexes (siRNAs),
whereas the second option makes use of DNA expression

vector with Pol II or Pol III promoters that are transcribed into
RNA hairpins. Nuclear synthesis of these shRNAs is followed
by their transport into the cytoplasm by means of the miRNA
machinery where they are processed into siRNAs by Dicer.
The advantage of the latter siRNA expression system is that
the RNAi effects last much longer because of continued
shRNA expression [16,19].

The direct introduction of synthetic siRNAs is an effective
strategy for RNAi therapeutics. Chemical modifications can
be introduced into siRNA to increase stability, promote
efficacy, block binding to unintended targets that contain
sequence mismatches (specific off-target effects) and reduce
potential immune stimulatory effects (general off-target
effects) [13]. The effects of these synthetic siRNA molecules
are transient, whereas the promoter-expressed shRNAs can
potentially mediate long-term silencing with a single
application due to constitutive expression.

3. siRNA delivery into the skin

3.1 Structure of the skin
The structure of the skin comprises a series of layers, ranging
from the fatty subcutaneous layer (hypodermis), the dermis of
connective tissue to the stratified avascular, cellular epidermis.
All layers are penetrated by hair shafts and gland ducts. Its
structure and barrier functions have been described exten-
sively in literature [20-23]. A schematic drawing of the
structure of human skin is given in Figure 2.

The dermis is composed of fibrous proteins (collagen and
elastin) and an interfibrillar gel of glycosaminoglycans, salts
and water. Blood and lymphatic vessels, nerve endings, pilo-
sebaceous units (hair follicles and sebaceous glands) and sweat
glands are embedded within the dermis. The hair follicles and
sweat ducts open directly into the environment at the skin
surface and provide the so-called appendageal route of skin
permeation [22,24].

The epidermis does not contain any blood vessels. As a
consequence, nutrients and waste products must diffuse across
the dermal–epidermal junction to maintain its vitality. In
most areas of the body, the epidermis consists of four layers,
which from inside to outside are the stratum basale (basal
layer), stratum spinosum (spinous layer), stratum granulosum
(granular layer) and stratum corneum (SC) [22,24].

The very efficient barrier properties of the skin are exerted
by the stratum corneum and impede penetration of topically
administered therapeutics in the skin [22]. The SC is composed
of terminally differentiated anucleated keratinocytes, so-called
corneocytes, tightly packed in columns that run perpendic-
ular to the skin surface. The matrix between corneocytes is
composed of hydrophobic non-polar lipids, which are assem-
bled into lamellar stacks and form a very densely packed
structure [25]. The structure of the SC is often depicted in
the so-called bricks and mortar arrangement [26], where
the keratin-rich corneocytes (bricks) are embedded in the
intercellular lipid-rich matrix (mortar).

Cutaneous short-interfering RNA therapy
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3.2 Applications of RNAi in therapy and research
Attraction and interest in RNAi-based therapeutics for skin
diseases is emerging. This approach applies particularly to
monogenic dominant negative skin diseases where the
silencing of a specific disease-causing gene is expected to
have a clinical effect. Owing to their extreme specificity and
potency, siRNA agents show promise as new therapeutic
tools for individualised medicine, in which siRNAs theoret-
ically can be designed to target any given gene mutation.
A wide spectrum of heritable skin diseases has been found,
with > 80 distinct genes involved in > 100 disease pheno-
types [27], a high proportion of which is keratin diseases
without effective treatment options. An overview of diseases
that can be treated by means of RNAi is given later in this
paper.

In addition to therapeutic applications, siRNA may also be
useful for discovering disease-controlling genes or deciphering
the gene function. A prototypical approach is to test gene
function by disabling and examining resulting phenotypes.
Knockout animal models are a time-consuming and expensive
alternative. RNAi can be used to perform surrogate gene-
deficiency experiments in cell culture or appropriate skin
models in a matter of days [2]. In accordance with DNA,

mRNA or protein-arrayed libraries for large-scale analysis, the
use of RNAi-based methods is enabling corresponding
functional analysis to be conducted on a similar scale.
Genome-wide RNAi analysis was first developed for the model
organisms Caenorhabditis elegans and Drosophilia [16]. A year
later Ganesan et al. reported a study that used a genome-wide
synthetic library of chemically synthesised siRNAs to identify
new biological pathways that govern melanin biogenesis in
human melanocytes. This effort identified 92 new genes that
support pigment production by using RNAi [28].

On a smaller scale, RNAi has helped clarify the role of p53 in
premature senescence [29] and hyperpigmentation [30]. Borlon et al.
concluded that p53 was not involved in the differential expres-
sion of senescence-associated genes in UVB-induced premature
senescence of skin fibroblasts [29]. Later, RNAi experimental
data in UVB-exposed mouse skin showed that intradermal
injection of p53-specific siRNA significantly suppressed the
expression of mRNAs and proteins encoding paracrine cyto-
kines as well as melanogenic factors. This knockdown resulted
in the inhibition of hyperpigmentation [30].

Multiple other in vitro RNAi studies were performed and
identified potential markers and regulators of skin ageing (e.g.,
growth-regulated protein alpha (GRO-a) [31], FOXO3a [32]

Dicer
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shRNA
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dsRNA
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Target mRNA cleavage
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Recycled RISC-siRNA
activated complex
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Figure 1. The mechanism of RNA interference. The right-hand side shows a schematic diagram of the mammalian RNAi pathway and
formation of small interfering RNAs (siRNA) that mediate homology-dependent target mRNA degradation in the cytoplasm through the
RNA-induced silencing complex (RISC). The left-hand side shows different entry points for artificial DNA-based (plasmid) and RNA-based
(long dsRNA and synthetic siRNAs) siRNA drugs that enter and activate RISC for gene silencing.
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and K6PC-5 [33]), melanoma (e.g., FABP7 [34], ASK/Dbf4 [35],
angiopoietin-2 [36], SphK1 [37]) or skin inflammation (e.g.,
G2A [38], phospholipase C epsilon [39], S100/A11 [40,41]). How-
ever, detailed description of these and other functional studies
using RNAi fall out of the scope of this review and will not be
discussed further.

3.3 Accessibility
The skin is an easy target organ for topical siRNA delivery as it
allows direct access to target cells in the skin [42]. Application
of topical or local siRNA therapy is easily confined to the
affected skin area and systemic absorption of topically applied
siRNA molecules is significantly less than for intravenous
administration. This is due to very little penetration of siRNA
through the barriers of the skin. Generally, only small lipo-
philic molecules (< 500 Da) have higher levels of penetra-
tion [43]. As a consequence, systemic toxicity is minimal [44].
Further advantages of cutaneous siRNA therapy include the
ability to monitor visually the genetically modified region and
the possibility of surgical removal of aberrant tissue if
unwanted side effects occur. Also, treated skin can be biopsied
more conveniently than for any other organ.

3.4 Barriers to cutaneous siRNA delivery
In vivo delivery of ‘naked’ siRNAs is challenging. siRNA alone
is not taken up efficiently, and has low biodistribution and low
stability [45]. Naked siRNA is susceptible to degradation by
endogenous enzymes. siRNA also has a negative charge and is
relatively large (~ 13 kDa); both of which contribute to poor
penetration through cell membranes. Three studies have described

the uptake of naked, unmodified siRNAs by keratinocytes after
intradermal injection in mouse skin [46-48]. This is in accordance to
Hengge, who observed gene expression from intradermally
injected plasmid DNA [49,50]. The observation that keratinocytes
are able to take up unmodified oligonucleotides and plasmidDNA
holds promise for cutaneous gene therapy. If widely applicable, the
use of extra chemical and/or physical uptake-enhancing techniques
could become redundant. One challenge for this approach is
patient compliance with repeated intradermal injections. Another
challenge is that intradermal injection can be applied only to small
areas of skin, making treatment of full-body skin diseases unlikely.

Topical siRNA application, on the other hand, requires
penetration-enhancing techniques to reach therapeutic con-
centrations in the skin. The outermost layer of the epidermis,
the stratum corneum, acts as the main barrier to penetration of
molecules (Figure 2). The densely packed corneocytes contain-
ing hydrophobic non-polar intracellular lipids form a perme-
ation resistance unit to topically applied RNAi. Penetration of
RNAi through the extracellular matrix into deeper skin layers
is also inhibited by the dense network of polysaccharides and
fibrous proteins.

Although intradermal injection overcomes the stratum cor-
neum barrier, injected oligonucleotides face further barriers
before reaching target mRNA. The electron-dense adhesion
structure of the basal membrane forms an obstruction for
transport within the epidermis to the target cell membrane [51].
The precise mechanism of siRNA transfection has not been
characterised. One possibility is endosomal uptake, as described
for DNA [51-53]. Subsequent endosomal degradation and
difficulties with endosomal escape can result in decreased

Dermis

Dermis
Fibroblasts
Mast cells
Macrophages
Lymphocytes
Nerve endings
Blood vessels
Hair follicles
Sweat glands
Sebaceous glands
Apocrine glands
Lymphatic vessels

Epidermis Stratum granulosum

Stratum spinosum

Stratum basale

Keratinocyte Corneocyte Melanocyte Langerhans cell

Stratum corneum

Subcutis
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Macrophages
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Figure 2. Structure of human skin tissue.
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functional siRNA, the final consequence being lower silenc-
ing efficiency. All the above-described obstacles also apply for
siRNA-expressing plasmid vectors, including migration through
the cytosol and penetration through the nuclear envelope.

3.5 Methods to overcome the barriers in cutaneous
siRNA delivery
The transappendageal and transepidermal pathways are the
two main routes of skin permeation [54]. The transappendageal
route is the shunt route and includes migration through
follicular openings and sweat gland pores [55]. The sizes of
the sweat pores and the follicular openings of the skin are
30 – 100 nm, so it is reasonable to expect skin penetration of
DNA or small oligonucleotides such as siRNAs [56]. Cevc, on
the other hand claims that the most important and most
abundant permeation route is the transepidermal pathway [57].
The transepidermal pathway – with an average width of 10
nm – can be defined as the pathway where compounds
permeate through intact stratum corneum. Original pore
sizes of 0.4 nm have even been detected and colloid-
induced opening of these narrow funnels is a prerequisite
of transport through the skin. The only colloids capable of
achieving this funnel opening are specialised lipid-based
ultra-deformable vector systems that have enabled targeted
drug delivery deep below the application site, into the
systemic circulation [57].

Five hundred daltons is generally accepted as the largest
molecular mass for lipophilic molecules that can passively
diffuse through skin [43]. Applying this rule to high-molecular-
mass molecules that are hydrophilic – siRNA or plasmids
expressing shRNA – translates to no expectations of skin
penetration. As a consequence, penetration-enhancing tech-
niques to improve dermal or transdermal delivery of nucleic
acids in the skin are an active area of research. Table 1 lists, but
is not limited to, the major non-viral gene delivery techniques
for cutaneous therapy. It gives an overview of the different
chemical and physical delivery methods and describes their
advantages and disadvantages. Among the physical delivery
techniques, procedures such as tape-stripping, gene gun,
ultrasound, intradermal injection (in combination with) elec-
troporation and microneedles are commonly applied. Chem-
ical methods described here are chemical penetration
enhancers, liposomal vesicle systems and chemical depilation.
All methods have their advantages and limitations, and the
choice of one over the others depends essentially on the
proposed therapeutic application, cost-effectiveness and,
very importantly, patient compliance.

Although these methods have been described mainly for
cutaneous DNA delivery only, they could easily be extra-
polated for siRNA molecules. Thus far, publications describ-
ing cutaneous siRNA delivery using electroporation are scarce
and have been limited to a combination with intradermal
injection [58,59]. Despite the very high efficacy of this
combined delivery method, concerns may rise about the
invasiveness and associated pain of the procedure as well as

the difficulty of self-administration. Also, elastic liposomal
formulations have been described often for their efficient
(trans)dermal delivery of pDNA in vivo [60-68]; only a few
studies describe the use of liposomal or lipid-based formula-
tions for topical cutaneous application of siRNA
in vivo [69,70]. Nevertheless, their use in combination with
an ultrasound permeation-enhancing technique [71] or an
agarose-based matrix has been demonstrated [72]. Tran
et al. described the use of a nanoliposomal formulation in
combination with ultrasound for the treatment of cutaneous
melanoma with siRNA therapy [71]. Low-frequency ultra-
sound offers a non-invasive, non-painful permeability-
enhancing technique causing transient cavitational effects
and subsequent perturbation in the stratum corneum lipid
layers and cell membranes, thereby enhancing transdermal
transport. Thanik et al. used an agarose-based matrix system
to deliver siRNA–Lipofectamine complexes in a murine
wound model to improve wound healing [72].

A very recent report by Lee et al. describes the use of an
erbium:yttrium-alumunium-garnet (Er:YAG) laser to ablate
precisely the superficial SC. This is accomplished with min-
imal residual thermal damage and enhances delivery of topical
applied siRNA molecules into mouse skin [73]. This method
achieves the desired therapeutic effects, but concerns may arise
about the induced skin damage, patient tolerability and the
cost of this technique.

4. The skin as a tool

Before clinical implementation, it is important to use appro-
priate ex vivo or in vivo models, such as reconstructed or
excised human or animal skin, as a tool to evaluate siRNA
penetration capacity, gene silencing efficacy and biological/
therapeutic effects. Unfortunately, no standards exist for
animal models, skin-equivalent cell culture models, and organ
culture models that use human skin. Validation of skin models
would be beneficial in this field as it allows direct testing,
evaluation and comparison of the various delivery strategies.

One challenge in the field of siRNA delivery is to screen the
efficacy of newly developed patient-friendly methodologies that
can be rapidly translated into the clinic. Gonzalez-Gonzalez
et al. engineered a transgenic reporter mouse (transgenic click
beetle luciferase/humanised green fluorescent protein (Tg CBL/
hMGFP)), in which hMGFP from Montastrea cavernosa and
CBL expression is confined to the epidermis [48]. They dem-
onstrated that intradermal injection of the most potent CBL
siRNA reproducibly inhibited hMGFP expression. This effect
was quantified by multiple independent assays, including
intravital imaging, RT-qPCR and ex vivo microscopy. This
mouse model can be used as a test model for future experi-
ments in which other delivery methodologies can be evalu-
ated and improved using intradermal injection of CBL3
siRNA as a positive control. According to the authors,
two such patient-friendly methodologies, hollow dissolvable
microneedle arrays – loaded with siRNA – and cream
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formulations that enable siRNA penetration through the
stratum corneum, are being developed.
Takahashi et al. used a luciferase/GFP-expressing model

system in which the efficiency of the different gene transfer
methods was evaluated by their gene silencing effect in vivo. The
goal was to develop an effective RNAi-based tumour therapy [74].
A similar but more generalised approach was reported in 2007
by Wang et al., where siRNAs against green fluorescent protein
(eGFP) with a bicistronic firefly luciferase (fLuc)/eGFP were
intradermally injected in mouse skin. The authors observed that
the siRNA efficiently blocked expression of both fLuc and eGFP
in keratinocytes. These results indicate that siRNA can inhibit
ectopically expressed genes. This supports the hypothesis that
targeting endogenous genes is also feasible [47].
In another approach, the skin can be used as a ‘tool’ or

transport medium for the transdermal delivery of siRNA in
order to treat non-skin related diseases, such as rheumatoid
arthritis and airway inflammation [75,76]. Administration of
siRNAs to the skin for the treatment of non-skin diseases
requires efficient transport of the siRNA – through the
epidermis - into the dermal vasculature. Two studies have
been reported using a topically applied siRNA containing
cream-based formulation. Takanashi et al. used the skin as a
delivery route for the topical application of siRNA against
osteopontin [75]. Osteopontin is an extracellular matrix cyto-
kine and is a validated target in rheumatoid arthritis and other
inflammatory diseases. The anti-osteopontin siRNA was
applied in a lipid/alcohol-based ‘GeneCream’ formulation
onto the skin of an arthritis mouse model. The authors
reported penetration of the siRNA cream into dermal fat
tissue and an amelioration of arthritic symptoms. This tech-
nology appears to support the hypothesis that topical siRNA
can be used effectively to treat certain diseases.
One year earlier, Wang et al. also described the use of a

cream-based formulation that contained imiquimod and
chitosan nanoparticles for the transdermal delivery of siRNA
targeted against the natriuretic peptide receptor. Topical deliv-
ery of siRNA resulted in decreased lung inflammation and
airway hyper-responsiveness in a mouse model of allergic
asthma. Moreover, transdermally applied siRNA chitosan par-
ticles have proved to be safe and effective in mice and may
provide an innovative new treatment approach for preventing
airway inflammation and asthma in humans [76].

5. Skin diseases

Diseases of the skin are amenable to RNAi-based thera-
pies [42,77]. There is a variety of potential applications for
RNAi therapy in the skin. The availability of disease lesions to
topical treatments has been a motivating force for RNAi
researchers. This abrogates the need for complex targeting
strategies common with other disease models. The skin also
has a high turnover rate and can be removed without com-
plicated surgeries if necessary. The skin represents a good
model for treatment and monitoring.

5.1 In vitro studies
To understand the function and dysfunction of the skin, it is
necessary to study partial aspects in models of manageable size
and to reintegrate the results back into context. Selective
cultivation of cell components of the skin has added con-
siderably to our understanding of their biology in health and
disease. In addition, the use of cell cultures has enormously
stimulated dermatopharmacological research and the devel-
opment of new cutaneous therapies, including RNAi deliv-
ery. Tissue culture models range from simple monolayer
cultures of one cell type to co-cultures of epithelial and
mesenchymal cells and finally to three-dimensional skin
equivalents – organotypic cultures. The latter probably repre-
sent the best in vitro alternative for intact skin with respect to
animal welfare considerations. However, it is unlikely that a
single in vitro model will incorporate all the complex series
of reactions, such as a local skin inflammatory reaction
occurring at different regions of the skin [78].

Table 2 gives an overview of the publications describing
in vitro studies as a very first phase in the development of new
RNAi skin therapeutics. Although cell cultures provide a good
indication of the cytotoxicity and effectiveness of the treat-
ment, it remains difficult to predict how the culture-induced
changes in cell properties and/or the greater complexity of the
in vivo environment in higher models will ultimately affect the
phenotypical outcome aimed for.

5.1.1 Viral skin diseases
The conventional therapeutic approaches for viral infection of
the skin are complicated because the viral disease processes are
entangled with normal cell function. RNAi therapy offers a
solution to this problem; it can specifically target viral gene
products leaving normal cell function intact. Viral diseases of
the skin are particularly important targets because of their
carcinogenic potential.

Herpes simplex virus type 1 is a double-stranded DNA virus
that infects up to 80% of individuals by adulthood worldwide
and causes significant morbidity among immune-compromised
hosts. To inhibit the cell-to-cell spread of the Herpes simplex
virus type 1 in cultured human keratinocytes, Bhuyan et al. used
a siRNA targeted against viral glycoprotein E. This glycoprotein
is a transmembrane protein that is essential for immune evasion
and replication. Keratinocytes were transfected with glycopro-
tein E-specific siRNA using Lipofectin and then infected with
Herpes simplex virus type 1. This resulted in the formation of
smaller plaques in vitro and reproduced the phenotype of the
glycoprotein E null virus, a glycoprotein E deletion mutant
strain. This study demonstrates that exogenous siRNA can
suppress Herpes simplex virus type 1 glycoprotein E expression
and function during active infection in vitro through RNAi [79].

5.1.2 Wound healing
Jazag et al. conducted a study where simultaneous knockdown
of transforming growth factor-b (TGF-b) pathway-related
Smads – Smad2, Smad3 and Smad4 – was performed in a
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keratinocyte cell line HaCaT in a search for wound healing
therapy. They described that loss of Smad3 alone or together
with Smad2 or Smad4 accelerated wound closure in wounded
cell monolayers. However, Smad4 knockdown alone blocked
wound closure induced by TGF-b. TGF-b is known to
promote wound closure by activating cell migration. These
results showed that each Smad seems to contribute differently
to cell migration, even though all Smads are downstream
mediators of the same TGF-b pathway. The phenotypic
changes that resulted from knockdown of different Smads
are very complex and future investigation is needed to
dissect the biological responses at the molecular level [80].

5.1.3 Pigmentation
Pigmentation of the skin is a complex process that involves
synthesis and transfer of melanin from the melanocytes to the
keratinocytes. Van Gele et al. developed a siRNA against
Myosin Va exon F, a motor protein that is part of the tripartite
complex with Slac2-a and Rab27a, which is involved in
intracellular melanosome transport in the melanocytes [81].
Silencing this protein in cultured human primary melanocytes
resulted in perinuclear aggregation of the melanosomes. In
addition, a lentiviral vector system expressing shRNAs against
Myosin Va exon F was developed and led to the inhibition of
the formation of the Rab27a-Slac2-a-MyoVa tripartite com-
plex as observed by redistribution of the melanosomes from the
peripheral to the perinuclear region. This approach could lead
to a treatment for hyperpigmentation disorders and is consis-
tent with the phenotypic effect seen in melanocytes of Griscelli
patients. In a next step, Geusens et al. developed ultradeform-
able liposomes as a delivery agent for this Myosin Va exon F
siRNA [82]. The first in vitro results demonstrated efficient
knockdown of the target gene in human primary melanocytes,
and the favourable characteristics of the liposomes suggest a
promising outcome for topical application to the skin.

An alternative method to control skin pigmentation is to
inhibit melanogenesis in melanocytes by targeting tyrosinase
by means of siRNA [83]. Melanin synthesis was reported to be
efficiently inhibited. Consequently, cell viability after UV
exposure was significantly decreased. In vitro studies also
revealed a minor cytotoxic effect of antityrosinase siRNA in
the absence of UV radiation. This implies that melanin plays a
role in cell survival beyond UV absorption. Targets other than
melanin as suggested by Van Gele et al. may be safer.

5.1.4 Silencing in a human organotypic skin model
The above-described data on RNAi applications in vitro use
conventional monolayer culture systems. To improve on such
models, Mildner and colleagues investigated whether RNAi
technology could also be used in more complex in vitro cell
culture systems. siRNAs were targeted against two genes
strongly expressed by KC, VEGF and matriptase-1. KC were
transfected using Lipofectamine 2000 before being seeded onto a
fibroblast collagen gel. Although VEGF knockdown did not alter
the epidermal phenotype, in the case of matriptase-1 knockdown
terminal differentiation of KC was affected, manifesting as
thickening of the stratum corneum and incomplete removal
of the nuclei from end-differentiated KC. This phenotype
recapitulates the phenotype of the matriptase-1 knockout animal.
These results show that the use of RNAi in an organotypic model
represents an important intermediate step in the evaluation of the
feasibility, phenotypical outcome and safety of using siRNA for
clinical applications [84].

5.2 In vivo studies
5.2.1 Allergic skin disease
Dermatitis, or inflammation of the skin, is a common cause of
rashes, which can appear in several different forms. The
distinct types of dermatitis are delineated by a causative agent
or a cellular mechanism responsible for the rash. Contact

Table 2. Overview of the siRNA in vitro studies as a primary step in the development for possible future cutaneous

siRNA treatments.

Authors siRNA Target cell Model (Possible)

treatment

Delivery system

Bhuyan et al. [79] sigE HaCaT Monolayer HSV-1 Lipofectin

Jazag et al. [80] siSmad2, 3, 4 HaCaT Monolayer Wound healing Effectene

Sumimoto et al. [93] siBRAF + siSkp-2 Melanoma cell lines Monolayer Melanoma HIV-lentiviral
vectors

Mildner et al. [84] siVEGF/siMatriptase-1 Keratinocytes Threee-dimensional
organotypic skin
model

Wound healing plus
tumours/ichtyosis

Lipofectamine 2000

Van Gele et al. [81] siMyosin Va exon F Human
melanocytes

Monolayer Hyperpigmentation HiPerfect plus HIV-
lentiviral vector

Geusens et al. [82] siMyosin Va exon F Human
melanocytes

Monolayer Hyperpigmentation Ultradeformable
cationic liposomes

An et al. [83] siTyrosinase Human
melanocytes

Monolayer Pigmentation Lipofectamine
RNAiMAX

Geusens, Sanders, Prow, Van Gele & Lambert
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dermatitis is a delayed hypersensitivity reaction involving
allergens and antibodies, whereas atopic dermatitis is an
allergic-type reaction that is accompanied by hay fever, asthma
and very dry skin. Ishimoto et al. developed an efficient siRNA
against monocyte chemoattractant protein-1 (MCP-1) in order
to treat contact hypersensitivity [85]. MCP-1 is secreted by
activated skin cells, especially macrophages, during the elicita-
tion phase after hapten re-exposure and is a trigger of contact
hypersensitivity. In a first step, skin fibroblasts as well as
macrophages were cultured and transfected with anti-MCP-1
siRNA using Lipofectamine. The in vitro data showed a more
efficient transfection and gene silencing in the fibroblasts than in
macrophages. Next, sensitised mice were exposed to 2,4-dini-
trofluorobenzene and the resulting ear swelling was used as a
model for contact hypersensitivity. When they compared local
treatment versus systemic intravenous injection of anti-MCP-1
siRNAmixed with atelocollagen, a significant suppression of the
ear swelling after two injections (at 30min and 8 h)was reported.
The local treatment showed no therapeutic effects.
Where Ishimoto et al. used anti-MCP-1 siRNA to treat

contact hypersensitivity, Ritprajak et al. developed a cream-
emulsion containing anti-CD86 siRNA to target cutaneous
dendritic cells in atopic dermatitis-prone NC/Nga mouse
models [70]. Systemic administration in this case may suppress
protective immunity against infectious agents. So, topical appli-
cation of a siRNA-based ointment was chosen to treat murine
contact hypersensitivity and atopic dermatitis-like disease. Gene
gun delivery was used to target skin dendritic cells in vivo [86].
This method was convenient and caused less irritation of the
already inflamed skin. Moreover, repeated administration was
reported to cause less irritation, achieved higher compliance and
was more reproducible than intradermal injection.
Another study focusing on atopic dermatitis used the same

NC/Nga mouse model. This study focused on the role of
cyclooxygenase-1 gene in the scratching behaviour of mice.
Targeted siRNA silencing of the cyclooxygenase-1 gene was
accomplished by using intradermal injection. Electropora-
tion reportedly accelerated the scratching behaviour of NC/
Nga mice and revealed that cyclooxygenase-1-derived
prostaglandins might act as endogenous inhibitors of
itching. These data may be relevant to patients with atopic
dermatitis [87].

5.2.2 Wound healing
Open wounds represent a substantial biomedical burden and
offer a target-rich environment for candidate gene silencing.
Thanik et al. developed an agarose matrix-based method to
deliver siRNA effectively to cutaneous areas in a murine
wound model [72]. The agarose matrix is a 12 kDa natural
colloid seaweed extract and is used as a delivery system for
MAPK1 and lamin A/C siRNA complexed with Lipofecta-
mine 2000. Expression of both target genes was effectively
reduced in the wound bed and lasted until a week after
complete wound healing. There was no difference in treated
groups compared to control in either MAPK1 or lamin A/C.

This study reports effective gene silencing in open wounds and
suggests the enormous potential for other targets involved in
diabetic wounds, ulceration and scaring.

5.2.3 Alopecia Areata
Alopecia areata is an autoimmune disease affecting hair
follicles, resulting in hair loss. This is thought to be triggered
by a collapse of immune privilege. Nakamura et al. suggest a
dominant role for Th1 cells in alopecia lesions. Therefore,
they established a gene therapy experiment in an alopecia
areata C3H/HeJ mouse model focused on the Tbx21 gene.
Tbx21 plays a key role in Th1 cell development. The hypoth-
esis was that silencing this gene with siRNA would restore hair
growth. The authors reported that intralesional injections of
anti-Tbx21 siRNA conjugated with cationised gelatin micro-
spheres resulted in controlled release of the siRNA, which
restored the hair shaft elongation [88].

5.2.4 Psoriasis
Psoriasis is a chronic inflammatory skin disorder affecting
1 – 3% of the world population characterised by demarcated
erythematous scaly plaques in which keratinocytes show
hyperproliferation and abnormal differentiation leading to
epidermal hyperplasia. Within psoriatic lesions expression
of tumour necrosis factor-a (TNF-a), a pro-inflammatory
cytokine, is upregulated. Therefore, TNF-a mRNA is a
siRNA therapy target. Jakobsen et al. engineered a xenograft
transplantation model by transplanting lesional human pso-
riatic skin onto immunodeficient mice. A single intradermal
injection of shRNA-encoding lentiviral vectors against TNF-a
resulted in reduced levels of TNF-a. The authors reported
reduced epidermal thickness, and resolution of the psoriasis
phenotype was observed. These improved clinical scores
showed that TNF-a mRNA is a useful target for treatment
of psoriasis [89].

5.2.5 Skin cancer
Melanocytes are perhaps the most obvious non-keratinocyte
target cell type in skin. Malignant melanoma is one of the
most significant skin diseases in terms of morbidity, mortality
and treatment costs. Not surprisingly, a considerable number
of RNAi strategies have been reported for treatment of this
condition. The proto-oncogene BRAF is one of the most
frequently altered genes in cutaneous melanomas and is a
downstream effector of another key oncogene, RAS. A single
point mutation of BRAF, T1799A (or V599E amino acid
substitution), has been demonstrated to be strongly
tumorigenic in malignant melanoma cell models. This
mutation is an important target for RNAi therapy in
malignant melanoma tumours [90,91]. Experimental mod-
els of a siRNA selectively targeted to the mutated BRAF
(V599E) in a melanoma cell line have shown that the cell
line growth is strongly inhibited. Also, in vitro invasiveness and
ability to form tumours in xenograft models are also decreased
by means of siRNA therapy [92-94].

Cutaneous short-interfering RNA therapy
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Sumimoto et al. found that simultaneous inhibition of
mutated BRAF and Skp-2 in melanoma cells resulted in an
effective inhibition of in vitro cell growth and invasive ability.
Skp-2 is a substrate recognition subunit of a SCF ubiquitin–
protein ligase complex, which is involved in the degradation of
several proteins, including a cdk inhibitor, p27Kip1 whose
expression is often lost in many human cancers [19,93]. In these
cancers, overexpression of Skp-2 is related to the decrease of
p27Kip1 through the enhanced degradation. Specific inhibition
of the overexpressed Skp-2 therefore leads to reversion of the
malignant phenotype owing to the increase of p27Kip1.

A similar synergistic effect of two siRNAs was observed by
Tran et al., where the cooperative acting of siRNAs against
V600EBRAF and Akt3 led to inhibition of tumour development
in vivo. In vitro reconstructed melanoma skin models and
xenograft melanoma mouse models were permeabilised with
ultrasound before topical application of siRNA–nanoliposo-
mal complexes. This non-surgical approach has the potential to
decrease early melanocytic lesion development in skin or
prevent the spread of cutaneous melanoma metastases [71].

Microphthalmia-associated transcription factor (Mitf) is
critically involved in melanin synthesis and may promote
cell progression as well as increase the survival of melanocytes
and melanomas. There is controversy over whether Mitf
functions as a positive or a negative regulator for melanoma
proliferation and survival. Nakai et al. investigated the silenc-
ing effect of Mitf in B16 melanoma cell cultures and in pre-
established B16 tumour mice. Their findings indicate that
RNAi-mediated silencing of Mitf suppressed viability of B16
in vitro. The RNAi was also capable of inhibiting melanoma
growth after intratumoral injection, followed by repetitive
electroporation of RNAi in melanoma mouse models [59].

VEGF is a key promoter of angiogenesis in tumour growth.
Matsumoto et al. introduced a siRNA expressing plasmid DNA
conjugated with cationised gelatine microspheres by intratu-
moral injection [95]. The siRNA was targeted to VEGF isoform
5 in a mouse squamous cell carcinoma model. They successfully
demonstrated sustained release of siVEGF-5 and expression in
the tumours for at least 10 days. Similar results were obtained
for malignant melanoma cell lines and mouse models by
Tao et al. In this case, a melanoma cell line was stably
transfected with a pU-VEGF-siRNA plasmid and subsequently
injected subcutaneously in mice. The tumorigenicity in the
pU-VEGF-siRNA-treated mice was significantly less than in
those treated with the control plasmid [96]. Numerous studies
demonstrated the involvement of proteins such as SOX10 [97],
CDK2, FABP7 [34], ASK/Dbf4 [35], angiopoietin-2 [36] and
SphK1 [37] in the development of skin cancers, making them
potential targets for RNAi therapy. Table 3 summarises a series
of in vivo studies using RNAi therapy for skin cancers.

5.2.6 Pachyonychia congenita
Pachyonychia congenita is a well-characterised genetic disor-
der predominantly affecting nails and skin caused by
mutations in keratins KRT6A or KRT16 (PC-1) and KRT6B

or KRT17 (PC-2). So far, 55 causative mutations responsible
for pachyonychia congenita have been published [98]. In the
search for the optimal siRNA, effective and efficient screening
revealed KGa.513a.12 as a siRNA target [46,99,100]. The siRNA
targeted N171K mutant KRT6A mRNA and had no effect on
wild-type K6a expression in tissue culture or animal studies [46].
The first clinical trial was initiated in early 2008. The study
investigated the safety and tolerability of intralesional injections
of siRNA into pachyonychia congenita patient calluses. Early
findings in this first-in-man clinical trial with siRNA for a skin
disorder indicated improvement at the site of siRNA treatment.
For an overview of the treatment of pachyonychia congenita,
see Leachman et al. [98].

6. Conclusion

Since the discovery of the RNAi mechanism, the number of
published review papers on siRNA-based topics has exceeded a
thousand. Interest in RNAi for cutaneous therapy is increas-
ing, as reflected by the number of publications that have
appeared in the last 3 years. This review describes the latest
finding in cutaneous RNAi therapy. It gives an overview of the
different delivery techniques and lists the in vitro and in vivo
studies that have demonstrated effective gene silencing in
target skin cells with RNAi. So far, only one siRNA treatment
has entered the clinical phase.

7. Expert opinion

RNAi is a powerful technology with potential for therapeutics in
dermatology. RNAi has not just been applied to understanding
the functions of genes or signalling pathways inside skin cells, it
has also been used as a therapeutic for skin disorders. The
effectiveness and usefulness of RNAi therapy have been dem-
onstrated in a clinical trial for pachyonychia congenita patients.
The RNAi approach gave promising therapeutic results in this
clinical trial. The pain from intralesional injections was a major
obstacle that necessitated regional nerve blocks and oral pain
medication to make the treatment bearable.

Clinical and laboratory results suggest that siRNAs do not
necessarily need to be complexed with or encapsulated in a
carrier system to be effective. Uptake of naked siRNA by
keratinocytes has been shown repeatedly [46-48] and is probably
not the rate-limiting factor for siRNA therapeutics. Overcom-
ing the stratum corneum, on the other hand, is an important
barrier. As a consequence, the best strategy for effective siRNA
therapeutics is physically targeting the siRNA to the treatment
area, as they do not readily penetrate the SC. So far, this can be
achieved only by means of invasive delivery techniques, that is,
dermabrasion, microneedles and intradermal injection.
Unfortunately, naked siRNA therapy implicates nonspecific
cell targeting and is prone to enzymatic and endosomal
degradation. Therefore, it is often better to increase siRNA
concentrations in order to obtain therapeutic effects. This is
inevitably associated with a higher economical cost.
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An understanding of the underlyingmechanism of the disease
and how the pathology affects the barrier properties of the skin is
necessary before developing the optimal delivery vehicle/method
for RNAi treatment of a specific cutaneous disorder. Several key
issues need to be addressed during this process:

. efficacy of the delivery method in the tissue to be treated

. associated pain and safety

. treatment area – what is the percentage of body surface
area that requires treatment?

. translation into a home-based setting

. the cost of development.

Rating of importance of these issues can be a guideline for
the development of a siRNA therapeutic strategy, including
the search for the most suitable delivery system. This rating
can be very subjective and vary from one application to
another. That is why a variety of methodologies for cutaneous
therapy exist (Table 1) and why the search for new techniques
is still continuing. Current delivery methods have advantages
and limitations, highlighting that no ideal technique exists.
Quantifying patient compliance and tolerability is challenging
because of patient variability and the differences in degree of
pathology. Lack of standardised skin models and validated
evaluation procedures may lead to misinterpretations of the
efficacy, difficulty reproducing results and differences in the
final cost of therapeutics. There needs to be a non-invasive
method to assess siRNA delivery using clinically relevant
imaging technologies in order to optimise experimental treat-
ment strategies. Developing RNAi into therapeutic modalities
would benefit from a combination of imaging techniques for
RNAi delivery (biodistribution) with the quantitative
assessment of RNAi effects in vivo.
Many modalities (e.g., gene gun, jet injection, microneedles,

iontophoresis) for cutaneous siRNA delivery are available but

more data are needed to identify the best technology for
different applications. Different delivery techniques have
been compared by Peachman et al. for DNA vaccine delivery
and the gene gun has been identified as the most effective
modality [101]. Although the gene gun is particularly suited
for cutaneous vaccination, it does not imply that the same
technology would be an efficient siRNA delivery device.
Unfortunately, there may be an inverse relationship between
the effectiveness of the RNAi delivery systems described in
this review and factors such as patient compliance and
economical feasibility for home-based settings. The available
data indicate that intradermal or intralesional injection is the
most efficient siRNA delivery method and can even be
enhanced in combination with electroporation. The limita-
tions of this method are that it is unsuitable for self-
application, it is limited to restricted areas, painful, and
accompanied with risk for infections, and needle stick inju-
ries. Electroporation equipment is also relatively costly. Topical
application of liposomes containing siRNA, on the other hand,
scores very well with regard to patient compliance, production
costs and treatment of whole body parts. By contrast, topical
administration on skin leads to uptake confined to the upper
epidermal layers without complete skin penetration [102].

Topical formulations could potentially end up being the
most expensive alternative if most of the costly siRNA does
not penetrate through the stratum corneum barrier. Contro-
versy exists about the efficacy of a special type of liposome,
ultradeformable transfersomes�. They have been reported to
penetrate intact skin deep enough to reach the systemic
circulation after topical administration, and deliver high-
molecular-mass molecules with an efficacy similar to
subcutaneous injection [103-105].

Liposomes can have safety issues that are primarily the result
of preparation techniques associated with first-generation

Table 3. Summary of RNAi studies targeting different genes in skin cancer.

Authors siRNA Type of skin

cancer

RNAi delivery strategies Established mouse model

Hoeflich et al. [92] siBRAF Melanoma Stable A375 melanoma cell line
transduced with retroviral expression
plasmid for shRNA

Subcutaneous injection of shRNA-
containing cell line in mice

Sharma et al. [94] siV599EB-Raf Melanoma siRNA nucleofected melanoma
cell lines

Subcutaneous injection of siRNA-
containing melanoma cell line in
mice

Tran et al. [71] siV600EB-Raf + siAkt3
synergystic targeting

Melanoma Topical application of siRNA–
nanoliposomal complexes plus
ultrasound

Melanoma skin reconstructs and
xenograft melanoma mouse models

Nakai et al. [59] siMitf Melanoma Intratumoral injection plus
electroporation

Pre-established xenograft melanoma
mouse model

Matsumoto
et al. [95]

shVEGF-5 Squamous cell
carcinoma

VEGF siRNA expressing plasmid
conjugated with cationised gelatine
microspheres

Intratumoral injection in xenograft
squamous cell carcinoma mouse
model

Tao et al. [96] siVEGF Melanoma Stable melanoma cell line with
U-VEGF-siRNA plasmid

Subcutaneous injection of siRNA-cell
line in melanoma mouse models

Cutaneous short-interfering RNA therapy
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‘conventional’ liposomes involving volatile organic solvents or
detergents. These solvents exert toxicity towards cell
membranes [106]. Liposomes have been described in
combination with auxiliary compounds, such as ethanol or
surfactants, for efficient skin penetration. The incorporation of
glycols has enhanced liposomal stability [107]. Toxic effects
from volatiles, surfactants and glycols can be minimised or
avoided by optimising the formulation and/or preparation
method. In addition, toxic effects are often not attributed to
the liposome itself but are the result of the encapsulated
drug [108]. In general, side effects from liposomes are not to
be expected because liposomes are similar to epidermal lipids,
biodegradable and non-toxic [109].

The principal advantages of liposomes are the ability to
protect siRNAs from degradation and the possibility of
receptor-mediated targeting [11]. siRNAs can be encapsulated
in the inner core of the liposomes and/or complexed by means
of electrostatic interactions. This protects the siRNA from
shear forces, enzymes and the low endosomal pH. Cell-specific
targeting reduces off-target effects and can be accomplished by
integrating a ligand into the liposomal membrane.

The search for an improved cream-based siRNA delivery
system is demanding a scientific marriage between pharma-
cists, biotechnologists and dermatologists. The question
remains whether an effective formulation will be developed
or whether the future lies in combining the use of liposomal
formulations with other non-invasive techniques such as
ultrasound or iontophoresis. Low-frequency ultrasound offers
a non-invasive, non-painful permeability-enhancing tech-
nique that is suited for large body area applications. Com-
bining the protective qualities of nanoliposomes with the
permeabilising activities of low-frequency ultrasound has
shown its efficacy for the treatment of cutaneous mela-
noma [71]. Iontophoresis has not been described for cutaneous
siRNA delivery, neither has it been used in combination with
liposomal siRNA complexes. Its applicability is more limited

because it is not ideally suited for chronic wounds or diseases
where the skin is broken. Manipulation or treatment of larger
areas is also time-consuming and labour-intensive.

In conclusion, siRNA therapy has numerous applications in
dermatology, particularly with monogenic dominant negative
skin diseases where the silencing of a specific disease-causing
gene is expected to have a clinical effect. siRNA agents show
promise as new therapeutic tools for individualised medicine,
in which siRNAs theoretically can be designed to target gene
mutations. The application of siRNAs to therapeutics has
raised some concerns about their safety [13]. siRNA degrada-
tion problems can be overcome by the use of appropriate
backbone modifications. Delivery systems that mask RNAs
from the receptors of the innate immune system will also
increase functional siRNA at the targeted site [110]. The
development of efficient siRNA delivery techniques for cuta-
neous therapy remains a major bottleneck. Successful (trans)
dermal siRNA delivery is based on achieving a suitable balance
between effective delivery and safety. Clinical impact does not
just rely on safe and effective siRNAs or gene administration.
Low-cost and easy to use siRNA delivery tools that allow self-
administration at home are long-range goals for this technol-
ogy. Research is now focusing on patient-friendly and efficient
siRNA delivery methods for all types of skin disorders.
Synergistic effects of non-invasive technologies could increase
skin permeability. Translation of siRNA as a therapeutic will
require collaboration between medical doctors, researchers
and engineers to develop the first successful clinical
siRNA therapy.
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