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ABSTRACT

Psoriasis is one of the most common chronic inflammatory skin diseases. It is a life long
suffering disease affecting approximately 2 to 3% of the population in Scandinavia.
Significant progress has been made to understand the cellular immunology and biology
of psoriasis. However, the cause is still unclear and we still lack a cure for this common
and enigmatic disease. MicroRNAs (miRNAs) are 18-22 nucleotides non-coding RNAs
that regulate gene expression at the post-transcriptional level by targeting mRNAs for
translational suppression or degradation. Extensive studies in the last few years showed
that miRNAs play important roles in physiological processes and diseases. Before our
investigation, no connection had been established between miRNAs and psoriasis.

The general aim of this thesis was to investigate the involvement of miRNAs in the
pathogenesis of psoriasis and skin/keratinocyte biology.

In paper I, we showed for the first time that psoriasis-affected skin has a specific
microRNA expression profile compared with healthy human skin or with another
chronic inflammatory skin disease, atopic eczema. Among the psoriasis-associated
microRNAs, we identified one skin and keratinocyte-specific microRNA, miR-203. The
up-regulation of miR-203 in psoriatic plaques was concurrent with the down-regulation
of one of its evolutionary conserved target, suppressor of cytokine signaling 3 (SOCS-3),
which is involved in inflammatory responses and keratinocyte functions. This paper
unveiled the involvement of microRNAs in inflammatory skin diseases.

In paper II, we particularly examined the role of miR-203 in keratinocyte differentiation.
Out of 365 miRNAs tested, miR-203 was the most upregulated miRNA during
keratinocyte differentiation. Furthermore, we found that upregulation of miR-203 is
required for keratinocyte differentiation and is dependent on the activation of the
PKC/AP-1 pathway.

In paper III, we explored the expression of miR-203 during human skin morphogenesis.
MiR-203 is barely detectable at 14 weeks of estimated gestation age (EGA). Its
expression became prominent from week 17 and was most pronounced in the suprabasal
layers of the epidermis. The direct targets of miR-203, p63 and SOCS-3, were
preferentially expressed in the basal layer. Our results suggest miR-203 is involved in
the regulation of human foetal skin development and provide a basis for further studies
to investigate the role of miR-203 in this process.

In paper IV, we studied the role of miR-203 in NF-«B signaling in keratinocytes. We
found that overexpression of miR-203 in human primary keratinocytes suppressed NF-
kB activity by 1) suppressing downstream genes in NF-kB pathway; 2) preventing the
nuclear translocation of p65 and repressing NF-kB-driven promoter luciferase activity.
The results suggested that miR-203 plays a potential role in keeping skin homeostasis
and controlling inflammation by modulating NF-«xB signaling.

In conclusion, our data in the thesis suggest that miR-203 plays a role as ‘safety guard’

in skin by regulating inflammation-, differentiation-, proliferation- and morphogenesis-
associated processes.
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1 INTRODUCTION

Psoriasis is a chronic inflammatory skin disease of multifactorial origin, affecting
approximately 2-3% of the population in Scandinavia. Both genetic and environmental factors
contribute to the development of the disease. It is a lifelong disease with spontaneous
remissions and exacerbations, and with wide clinical variations ranging from mild almost
cosmetic to severe with extensive lesions covering most of the body. Comorbidities are an
important feature of the disease, up to 30% of patients develop psoriatic arthritis and severe
psoriasis is associated with a significant risk for cardiovascular disease. Thus, psoriasis can
have a major impact on the patients’ life quality and constitutes an important health problem
in society. Much of the clinical disease phenotype is caused by hyperproliferation and altered
differentiation of epidermal keratinocytes, and increased growth of dermal blood vessels. The
immune response in psoriasis is markedly polarized towards a Thl cell response, with the
presence of T cells, Th17cells, dendritic cells and a broad range of cytokines and chemokines
in the inflammatory lesions. Although significant progress has been made in the
understanding of the underlying immunology and biology of psoriasis, the cause remains

unknown and we still lack a cure for this common and enigmatic disease.

MicroRNAs (miRNAs) are ~22 nucleotides (nt) non-coding RNAs that regulate gene
expression at the post-transcriptional level by targeting mRNAs for translational suppression
or degradation. MiRNAs mediate their regulatory action through imperfect binding to the 3’
untranslated region (3’UTR) of target mRNAs carrying complementary sites. Base-pairing at
position 2-8 nt relative to the 5° end of small RNA, termed as the ‘seed’ region, appears to be
the most important for target recognition. Typically, miRNAs regulate biological functions
through suppressing hundreds of target mRNAs simultaneously. Many miRNAs are highly
conserved, suggesting strong evolutionary pressure and participation in essential biological
processes such as development, differentiation, apoptosis, fat metabolism, viral infection, and
cancer. Before our investigation, no connection had been established between miRNAs and

psoriasis.

The work presented in this thesis focuses on exploring the role of miRNAs in pathogenesis of

psoriasis and keratinocyte biology.



1.1 SKIN

The skin is the largest organ in the body, making up 16% of body weight, with a surface area
of approximately 1.8m?. It is the boundary between ourselves and the world around us. Its
primary role is that of a barrier, preventing the entry of noxious chemicals and infectious
organisms, and preventing the exit of water and other chemicals. It is a sort of ‘space suit’,
nicely evolved to house all the other organs and chemicals in our bodies (Goldsmith, 1990;

Norlen, 2003; Tobin, 2006).

Except for being a barrier, skin has other roles too. It is an important sensory organ, and
controls body temperature. It can sweat, grow hair, erect its hairs, change colour, smell, grow
nails and secrete sebum. When confronted with insults from outside, it usually adapts easily

and returns to a normal state, but sometimes it fails to do so and a skin disorder appears.

The skin is organized into an elaborate layered structure consisting mainly of the outermost
epidermis and the underlying dermis. A subcutaneous adipose-storing hypodermis layer
(subcutis) and various appendages such as hair follicles, sweat glands, sebaceous glands,

nerves, lymphatics, and blood vessels are also present in the skin.

Figure 1. Skin structure (source: Pearson Scott Foresman publishing).

1.1.1 Epidermis

Epidermis is the outmost layer of the skin, serving as the physical and chemical barrier
between the interior body and exterior environment. The thickness of the epidermis varies in

different types of skin. It is thinnest on the eyelids at 0.05 mm and thickest on the palms and



soles at 1.5 mm. The epidermis contains four histological distinct layers which, from the
inside to the outside, are the stratum basale, stratum spinosum, stratum granulosum and
stratum corneum. The bottom layer, the stratum basale, has cells that are shaped like columns.
In this layer the cells divide and push already formed cells into higher layers. As the cells
move into the higher layers, they flatten and eventually die. The top layer of the epidermis,

the stratum corneum, is made of dead, flat skin cells that shed about every 2 weeks.

There are three major cell types in epidermis: keratinocytes, melanocytes and Langerhans
cells. Keratinocytes are the major cellular constituent, constituting 95% of the epidermis.
Melanocytes are found in the stratum basale. These cells produce pigment called melanin,
which is responsible for different skin colour. Langerhans cells are immune cells found in the
epidermis, and are responsible for helping the body learn and later recognise new ‘antigens’
(foreign material to the body). Langerhans cells break the foreign material into smaller pieces
then migrate from the epidermis into the dermis. They find their way to lymphatics and blood
vessels before eventually reaching the lymph nodes. Here they present the antigens to immune
cells called lymphocytes. Once the antigen is successfully presented, the lymphocytes initiate
a sequence of events to (1) initiate an immune reaction to destroy the foreign material, and (2)
stimulate proliferation of more lymphocytes that recognise and remember the foreign material
in the future. Merkel cells are the fourth cells found in the basal layer of the epidermis. Their

exact role and function is not well understood.

1.1.1.1 Morphogenesis of human epidermis
During embryonic development, the epidermis derives from a single-layered epithelium, the

surface ectoderm. The ectoderm proliferates in the 4th week of estimated gestational age
(EGA), and produces two layers of cells (Breathnach and Wyllie, 1965; Holbrook and Odland,
1975). The inner layer of cells is the basal layer while the outer layer is called the periderm,
and proliferation takes place in both cell layers (Holbrook and Odland, 1975). In the 11th
week of EGA, a new intermediate cell layer is produced between the basal and the periderm
layer. It marks the beginning of stratification of the epidermis. At 12 weeks of EGA,
appendages begin to form from cells of the basal cell layer. Groups of cells develop into hair
follicles and associated granular keratinocytes. The periderm cells stop dividing, become
larger and elevated, and exhibit rounded blebs on their outer surfaces (Holbrook and Odland,

1975). The nondividing periderm cells then form a cornified cell envelope. By 21-24 weeks



of EGA, the intermediate cell layer has apparently become the three layers of the outer
epidermis: the spinous, the granular, and the cornified cell layers. As the stratification
proceeds, the periderm layer is gradually shed into the amniotic fluid by 24-25 weeks of EGA
(Holbrook and Odland, 1980). The periderm cells show characteristics consistent with

apoptosis before being sloughed off (Polakowska et al., 1994). Cornified cell envelope is

formed in the upper cell layers of epidermis after the shedding of the periderm cells (Akiyama

et al., 2000; Akiyama et al., 1999).

Stratum Corneum

'.'-=- _-o.c

5% l " Stratum granulosum

< Langerhans cell

Stratum Spinosum

Stratum Basale

Melanocyte

Figure 2. The structure of epidermis.

1.1.2 Dermis

The dermis is mainly composed of collagen and elastin fibres, giving the skin flexibility and
strength. The dermis also contains nerve endings, sweat glands and sebaceous glands, hair

follicles, and blood vessels (Spellberg, 2000).

The nerve endings provide the body with the information from outside world. The sweat
glands produce sweat in response to heat and stress. As sweat evaporates off the skin, it helps
cool the body temperature. The sebaceous glands secrete sebum into hair follicles. Sebum is
oil that keeps the skin moist and soft and acts as part of barrier against foreign substances.
The hair follicles produce the assorted types of hair throughout the body. Hair not only

contributes to a person's appearance but also has few important physical roles including



regulating body temperature, providing protection from injury, and enhancing sensation. A
part of the follicle contains stem cells capable of repairing damaged epidermis. The blood
vessels of the dermis provide nutrients to the skin and help regulate body temperature. Heat
enlarges the blood vessels, allowing certain amounts of blood to circulate near the skin
surface, where the heat can be released. Cold constricts the blood vessels, retaining the body's

heat.

1.1.3 Subcutis

The subcutis is the fat layer below the dermis and epidermis. It is also called subcutaneous
tissue, hypodermis or panniculus. The subcutis mainly consists of fat cells (adipocytes),
nerves and blood vessels. Fat cells are organised into lobules, which are separated by
structures called septac. The septae contain nerves, larger blood vessels, fibrous tissue and

fibroblasts. Fibrous septae may form dimples in the skin (so-called cellulite).

1.2 KERATINOCYTES

The human epidermis provides a first-line defence barrier for the host. Keratinocytes are the
major cell type in epidermis, contributing significantly to form the barrier against various
physical and immunological insults and stimuli (Kim J, 2003; Stingl G, 2003). Keratinocytes
are generated from two sources in the epidermis: the interfollicular epidermal stem cells in the
basal layer and stem cells in the bulge region of hair follicles. Interfollicular stem cells
differentiate into epidermal keratinocytes and other skin appendix cells. Hair follicle stem
cells differentiate into epidermal keratinocytes, skin appendix cells as well as neuronal cells

and mesenchymal cells (Cotsarelis, 2006; Kaur, 2006; Yan and Owens, 2008).

When cultured in vitro, keratinocytes have a limited lifespan. They gradually become slow in
growth, and eventually stop dividing. This process is known as cellular senescence. It is
thought to limit the vulnerability of aging cells to disease. Human keratinocytes are priceless
for the study of skin biology and the pathogenesis of skin-related diseases, but their short

lifespan in culture is a limitation.



1.2.1 Keratinocyte differentiation
In the epidermis, keratinocytes produce major structural components of the epidermal barrier

through a programmed and multistep process. The progress of keratinocyte differentiation
begins in the basal layer of the epidermis, which contains undifferentiated keratinocytes with
high proliferative potential (stratum basale). One daughter cell starts migrating upwards in the
epidermis and undergoes differentiation, which is characterized with profound changes in
gene expression. As cells move upwards to the epidermal surface, the cells cease division and
eventually shed away from the skin surface. During the transit from stratum basale to the skin
surface, the cells undergo morphological changes to form stratum spinosum, stratum
granulosum and stratum corneum. Cells in stratum spinosum are characterized by the
presence of extensive intercellular desmosomal connections, whereas cells in stratum
granulosum are distinguished by the presence of granules that contain the products of
keratinocyte differentiation. Continued differentiation of the granular layer cells results in
formation of the transition zone which separates the dead from living epidermal layers. It is in
this zone that the cellular constituents are extensively remodelled. The formation of stratum
corneum results from this remodelling (Green, 1980). During this process, keratinocytes
initiate the synthesis of important differentiation-dependent structural and catalytic proteins
including loricrin (Yoneda et al., 1992), involucrin (Rice and Green, 1977, 1979), the keratins
(Green et al., 1982), filaggrin (Dale et al., 1985), and transglutaminase (Thacher and Rice,
1985). Each keratinocyte in stratum corneum, which is called corneocyte, is surrounded by a
protein shell called a cell cornified envelope (CE). The CE composes primarily of two
proteins, loricirn and involucrin. These proteins make CE the most insoluble structure (Candi

et al., 2005).

The principal markers for keratinocyte differentiation are particular keratin pairs. More than
30 keratins are currently known. The majority of these are associated with the skin and its
appendages. Broadly speaking, proliferative keratinocytes in the basal cell layer of the
epidermis express K5 and K14, while keratinocytes in the early stages of differentiating
switch to K1 and K10. Moreover, K6 and K16 are expressed in epithelial cells of the outer
root sheath of hair follicles, nail beds, and epithelium of oral mucosa, and the expression of
K6 and K16 in supra-basal layers can occur when keratinocytes proliferate in a non-
physiological manner such as in psoriasis and wound healing (Lane and McLean, 2004; Tobin,

2006).



Another important keratinocyte differentiation marker is involucrin. Involucrin expression
initiates in the early spinous layer and is maintained in the granular layer. In the transition
zone, involucrin is incorporated, via the action of transglutaminase, as a component of the

cornified envelope (Eckert et al., 1993; Yaffe et al., 1992).

There are several methods established to mimic keratinocyte differentiation in vitro, using
monolayer culture of primary human keratinocytes. Keratinocyte differentiation can be
induced by increasing calcium concentration in the medium, treatment with TPA or vitamin D.
Contact inhibition can also induce keratinocyte differentiation. Thus keratinocyte

differentiation can be induced by culturing cells at high confluence.

25% 50% 100% 100%+4 days

Figure 3. Keratinocyte monolayer culture in different confluence.

1.3 PSORIASIS

Psoriasis was originally thought of as a disorder primarily of epidermal keratinocytes, but is
now recognized as one of the commonest immune-mediated disorders (Griffiths and Barker,
2007). Psoriasis is most frequent in the Caucasian population, and it is estimated to affect only
0.3% of the general population in China. The prevalence of psoriasis is between 1.5% to 3%
of the general Scandinavian population, with men and women equally affected. The incidence
in white population is estimated to be 60 cases per 100000 individuals of population per year

(Griffiths CEM, 2005)

1.3.1 Clinical features of psoriasis
The most common type of psoriasis, accounting for 90% of all cases, is psoriasis vulgaris, in

which papulosquamous plaques are well-delineated from surrounding normal skin. The
plaques are red or salmon pink in color, covered by white or silvery scales, and may be thick,

thin, large or small. Plaques are usually distributed symmetrically, and occur most commonly



on the extensor aspects of elbows and knees; scalp, lumbosacral region, and umbilicus

(Griffiths CEM, 2005).
Fraess 2

Figure 4. Psoriasis plague.

Children and adolescents can develop an acute form of psoriasis known as guttate psoriasis, in
which papules less than 1 cm in diameter erupt on the trunk about 2 weeks after a (-
haemolytic streptococcal infection such as tonsillitis or pharyngitis, or a viral infection.
Guttate psoriasis is self-limiting, resolving within 3—4 months of onset, although its long-term
prognosis is unknown. One study indicated that only a third of individuals with guttate

psoriasis develop classic plaque disease (Martin et al., 1996).

About 50% of patients with psoriasis have distinctive nail changes related to the disease: the
commonest is pitting, which is best seen under oblique lighting conditions; onycholysis (nail
plate separation); oil spots (orange-yellow sub-ungual discolouration), and dystrophy psoriatic
nail disease occurs most commonly in patients with psoriatic arthritis (Farber and Nall, 1992;

Jiaravuthisan et al., 2007).

Psoriatic arthritis is a seronegative inflammatory arthritis that occurs in the presence of
psoriasis (Moll and Wright, 1973). Five types of psoriatic arthritis have been proposed: distal
interphalangeal joint only; asymmetrical oligoarthritis; polyarthritis; spondylitis; and arthritis
mutilans. Classic psoriatic arthritis consists of oligoarthritis, distal interphalangeal joint

involvement, dactylitis, and calcaneal enthesitis (Helliwell and Taylor, 2005). Recently



presented data indicate that its prevalence has been greatly underestimated, and may be as
high as 25% in people with psoriasis. In about 10% of people with psoriatic arthritis, the

arthritis appears before skin manifestations of psoriasis (Zachariae, 2003).

= AV“ Ba s -
Healthy skin

Figure 5. Histological features of psoriasis vs. healthy skin.

1.3.2 Histological features of psoriasis
Psoriasis has three principal histological features: abnormal keratinocyte differentiation and

epidermal hyperplasia; dilated, increased growth of blood vessels in the dermis; and infiltrate
of inflammatory cells, predominantly into the dermis. Histology of uninvolved psoriasis skin

is normal (Braverman and Yen, 1974; Krueger and Bowcock, 2005).

1.3.2.1 Abnormal keratinocyte differentiation
Several keratinocyte differentiation markers have found to be abnormal, and all have

implications in the pathogenesis of the disease. These include aberrations of keratinocyte

transglutaminase type I (TGase K), involucrin, filaggrin and keratin expression.

TGase K, which catalyzes a critical step of CE formation, is upregulated in psoriasis
(Schroeder et al., 1992). The overexpression of this enzyme causes the excessive cornification
seen in psoriatic lesions, which directly contributes to the hard lesions manifested on the skin

in psoriatic patients (Candi et al., 2005).



Involucrin, which helps to stabilize the CE, is also upregulated in psoriasis vulgaris. In
normal skin, this protein is a major constituent of the CE only during its early stages of
assembly. However, in psoriatic skin, CE formation seems to be initiated prematurely, and
involucrin remains the major constituent of the CE during maturation (Ishida-Yamamoto and

lizuka, 1995).

Keratin expression is also disrupted in psoriasis. K6 and K16, markers of abnormal
hyperproliferative conditions, are upregulated in psoriatic epidermis, whereas K1 and K10,
markers of terminal differentiation, are downregulated (Thewes et al., 1991). This build-up of

cells then accumulates on the skin surface in the form of the psoriatic plaque.

Filaggrin, which is normally found in the granular layer of the skin, is absent in psoriatic
lesions (Bernard et al., 1988; Gerritsen et al., 1997). The loss of the granular layer through

scaling in psoriasis accounts for the absence of filaggrin.

1.3.2.2 Keratinocyte hyperproliferation
Several possible biochemical causes for the overproduction of the keratinocytes have been

implicated in psoriatic skin: epidermal growth factor (EGF), bone morphogenetic protein-6

(BMP-6), activating protein 1 (AP1) and mitogen-activated protein kinase (MAPK).

EGF, Stimulation of growth and differentiation of human epidermis by EGF is mediated by
its binding to specific receptors. Nanney et al. found that there were no differences in EGF
receptor expression between normal and psoriatic stratum basale. In the upper layers of the
epidermis, a 2-fold increase in EGF binding capacity was observed in psoriatic skin as
compared with normal thin or thick skin (Nanney et al., 1986). This increase in binding

contributes to the growth of the keratinocytes, causing hyperproliferation.

BMP-6, another growth factor, is present in newborns, but normally disappears by adulthood,
except in psoriatic patients. Blessing et al. were able to induce psoriasis-like skin lesion in
mice overexpressing BMP-6 in suprabasal layers of interfollicular epidermis, which makes it
a prime candidate for a growth factor sponsoring the formation of psoriatic lesions in humans

(Blessing et al., 1996).
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AP1, a complex of the oncoproteins Jun and Fos, stimulates the expression of many genes
that are important in cell proliferation and inflammation (Nagpal et al., 1995). These factors
were shown to have an altered expression pattern in plaque psoriasis, and so they have also

been implicated in the pathogenesis of psoriasis (Basset-Seguin et al., 1991; Zenz et al., 2005).

MAPK, helps to regulate cellular proliferation (Dimon-Gadal et al., 1998). Numerous growth
factors and cytokines modulate MAPK activity, which is higher in psoriatic fibroblasts
(Dimon-Gadal et al., 1998). Determination of the exact mechanism by which elevated MAPK
causes hyperproliferation of the keratinocyte could add another valuable piece to the puzzle of

the pathogenesis of psoriasis.

1.3.2.3 Inflammatory elements in psoriasis
Psoriasis is a chronic inflammatory cutaneous disorder (Krueger and Bowcock, 2005). The

inflammatory aspect of psoriasis is physically evident by the redness of psoriatic lesion.
Recent data indicate that T cells and cytokines are of major importance in the
pathophysiology of psoriasis (Asadullah et al, 1999). The cutaneous and systemic
overexpression of several proinflammatory cytokines, particularly type-1 cytokines such as
IL-2, IL-6, IL-8, IL-12, IL-23, IFN-gamma and tumor necrosis factor (TNF)-a, has been
demonstrated, supporting psoriasis as a ‘Th1 disease’ for years (Duncan et al., 1991; Ettehadi
et al., 1994; Grossman ef al., 1989; Lee et al., 2004a; Schulz ef al., 1993; Szabo et al., 1998;
Yawalkar et al., 1998). In 2007, a new population of IL-17-producing T helper cells, Th 17
cells, has been involved with psoriasis. IL-23 stimulates Th17 cells to produce sets of
cytokines such as IL-17A, IL-17F, TNF-a, IL-21, and IL-22, espousing psoriasis as a ‘Th17
disease’ (Fitch et al, 2007; Kastelein et al, 2007). The overexpression of these
proinflammatory cytokines is considered to be responsible for initiation, maintenance and
recurrence of skin lesions. The cellular composition of the inflammatory infiltrate within the
plaques as well as the keratinocyte hyperproliferation appears to be directed by cytokines as
well. Dose psoriasis represent a ‘Thl diseases’ or a ‘Th17 disease’ or some combination of
both? The most recent data suggest that IL-23/Th17 axis is key mediator of disease
pathogenesis (Fitch et al., 2007; Lowes et al., 2007; Nickoloff, 2007).

Studies have also shown that overexpression of the chemoattractant IL-8 contributes to the

accumulation of granulocytes, a characteristic finding in psoriatic lesions. In contrast to the
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overexpression of proinflammatory cytokines, a relatively low level of expression of the anti-
inflammatory cytokines IL-1RA and IL-10 has been found, suggesting an insufficient
counter-regulatory capacity in psoriasis which might have a genetic background (Asadullah et
al., 1998; Cooper et al., 1990). New understanding of psoriasis pathophysiology offers the
opportunity for well-targeted therapeutic interventions which should be more effective and

better tolerated than the approaches used thus far.

1.3.3 Genetic basis in psoriasis
Epidemiology studies have shown that there is strong genetic basis behind psoriasis. The

incidence of psoriasis vulgaris is greater in first and second degree relatives of patients than in
the general population. About 30% of individuals with psoriasis vulgaris have an affected first
degree relative. If both parents and a sibling are affected, a further child has a 50% chance of
developing psoriasis vulgaris; if the sibling is affected but not the parents, the risk drops to
8%. The risk of psoriasis vulgaris is two to three times greater in monozygotic than in

dizygotic twins (Krueger and Bowcock, 2005).

In recent years, genetic analyses of multiply affected families or cases have identified several
susceptibility variants for psoriasis. At least nine chromosomal loci (PSORSI-9) have been
identified for which statistically significant evidence for linkage to psoriasis has been
observed. By far the major genetic determinant of psoriasis is PSORSI, which probably
accounts for 35-50% of the heritability of the disease. HLA-Cw6 as the susceptibility factor
at PSORS] is one of the most compelling susceptibility factors for psoriasis. It was found in,
10% of healthy northern European controls and, 50% of psoriasis patients but in, 20% of
patients with psoriatic arthritis. Other susceptibility loci for psoriasis reside on chromosomes
1921, 3921, 4q, 7p, 8, 11, 16q, 17q, and 20p, and many others have been proposed following
genome-wide linkage scans of primarily nuclear families with two affected individuals

(Roberson and Bowcock, 2010; Valdimarsson, 2007).

1.3.4 Current and future management of psoriasis
Three therapeutic modalities can be used singly or in combination: topical agents (steroidal

and non-steroidal), phototherapy (appropriate wavelengths of ultraviolet radiation (UVR)),
and systemic medications. Topical agents used predominantly for mild disease and for

‘stubborn’ lesions in more severe disease; phototherapy for moderate disease; and systemic
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agents including photochemotherapy, oral agents, and newer injectable biological agents
targeting TNF-a and 1L-12/23, which have revolutionised the management of severe psoriasis.
Other innovative treatments are undergoing clinical studies, with the aim of maintaining safe,

long-term control of the condition (Menter and Griffiths, 2007).

Psoriasis is an incurable disease that affects individuals differently. In the long term,
individualized therapeutic strategies based on distinguished set of biomarkers and patients’

psychosocial status are encouraged.

1.4 MicroRNAs

MicroRNA is defined as a single-strand RNA of ~22 nucleotides in length, which is generated
by the RNase-III-type enzyme Dicer from an endogenous transcript that contains a local

hairpin structure (Ambros et al., 2003; Kim, 2005).

The first miRNAs were characterized in the early 1990s, but miRNAs were not recognized as
a distinct class of biologic regulators with conserved functions until the early 2000s. Until Sep.

2010, there were 1048 miRNA registered in human in miRBAse 16.0.

1.4.1 The discovery of microRNAs

Victor Ambros and colleagues, Rosalind Lee and Rhonda Feinbaum, discovered that lin-4, a
gene known to control the timing of C. elegans larval development does not code for a protein
but instead produces a pair of small RNAs (Lee et al, 1993; Wightman et al., 1991;
Wightman et al.,, 1993). One RNA is approximately 22nt in length, and the other is
approximately 61nt which folds into a stem loop proposed to be the precursor of the shorter
one (Lee et al., 1993). Furthermore, Ambros et al. noticed that these lin-4 RNAs had antisense
effect to multiple sites in the 3’UTR of the lin-14 gene. Ruvkun et al. continued to investigate
the importance of these complementarity sites for regulation of lin-14 by /in-4, showing that
this regulation substantially reduces the amount of lin-14 protein without noticeable change in

levels of lin-14 mRNA (Wightman et al., 1993).

The shorter small RNAs derives from lin-4 gene are now recognised as the founding member

of miRNAs (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001).
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1.4.2 MicroRNA biogenesis

Most of miRNAs are encoded in intergenic regions quite distance from previously annotated
genes, suggesting that they are from independent transcription units (Lagos-Quintana et al.,
2001; Lau et al., 2001; Lee and Ambros, 2001; Rodriguez et al., 2004). However, a minority
of miRNAs was found in the intronic regions of known genes. These miRNAs are
preferentially in the same orientation as the predicted mRNAs, implying that most of these
miRNAs are not transcribed from their own promoters, but are processed from the introns
(Altuvia et al., 2005; Ambros, 2003; Aravin et al., 2003; Lai et al., 2003; Lim et al., 2003).
Another interesting observation was that around 50% of known miRNAs are found in close
proximity to other miRNAs, raising the possibility that these clustered miRNAs might be
transcribed from a single polycistronic transcription unit (Lagos-Quintana et al., 2001; Lau et

al., 2001; Mourelatos et al., 2002).

Transcription of miRNAs is mediated by RNA polymerase II (pol II) (Cai ef al., 2004; Lee et
al., 2004b). The primary transcript is several kilobases long, capped and polyadenylated pri-
miRNA containing a local hairpin structure. The stem-loop structure is cleaved by nuclear
RNase III Drosha to release the precursor of miRNA (pre-miRNA) (Cai et al., 2004; Lee et al.,
2003; Lee et al., 2004b). The remaining fragments from the cleaved pri-miRNAs are thought
to be degraded in the nucleus (Lee ef al., 2003).

Following the nuclear processing by Drosha, the hairpin-like pre-miRNAs are exported to
cytoplasm. Once there, the hairpin loop is removed by Dicer (another RNase III enzyme) to
form ~22-nucleotide miRNA duplex (Bernstein et al., 2001; Grishok et al., 2001; Hutvagner
et al., 2001; Ketting et al., 2001; Knight and Bass, 2001). The cleavage products do not
persist in the cell for long. Usually, one strand of this short-lived duplex becomes the mature
miRNA and the other strand is discarded at the final step of miRNA maturation (Gregory et
al., 2005; Hutvagner et al., 2001). Studies on siRNA duplexes indicate that the relative
thermodynamic stability of the two ends of the duplex determines which strand is to be
selected to be mature miRNA. The strand with relatively unstable base pairs at the 5’ end
typically remains (Khvorova et al., 2003; Schwarz et al., 2003). The same rule is also thought
to be applicable to generate miRNA.

The mature miRNAs are incorporated into a member of the Argonaute (Ago) family of

proteins, representing the core component of the effector complexes that are known as
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‘miRNP’ (miRNA-containing ribonucleoprotein complex), or ‘miRISC’ (miRNA-containing
RNA-induced silencing complex), to regulate the gene expression (Hammond et al., 2001;

Liu et al., 2004; Meister et al., 2004).

An alternative nuclear pathway for miRNA biogenesis was recently reported (Berezikov et al.,
2007; Okamura et al., 2007; Ruby et al., 2007). Short introns mimicking the structural
features of pre-miRNAs, termed mirtrons (premiRNA/introns), enter the miRNA-processing
pathway by passing Drosha-mediated cleavage. Debranched mirtrons access the canonical
miRNA pathway during nuclear export, and are then cleaved by Dicer and incorporated into

silencing complexes.
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Figure 6. MicroRNA biogenesis.
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1.4.3 The regulatory function of microRNAs in gene expression
In general, miRNAs can regulate gene expression by pairing the miRISC to the mRNAs

3’UTR by either of two posttranscriptional mechanisms: mRNA cleavage or translational
repression. The miRNA will specify cleavage if the mRNA has sufficient complementarity to
the miRNA, or it will repress productive translation if the mRNA does not have sufficient
complementarity to be cleaved but does have a suitable constellation of miRNA

complementary sites (Doench et al., 2003; Hutvagner and Zamore, 2002; Zeng et al., 2002).

2-8 nucleotides relative to the 5’end of miRNAs is called seed region. It is important for target
recognition that ~7 nt sites in mRNA match the seed region of the miRNA. Messenger RNA
downregulated after introducing miRNA are most associated with four types of sites. These
include one 6mer, two 7mers, and one 8mer. The 6mer is the perfect 6 nt match to the miRNA
seed region (Lewis et al., 2005).The best 7mer site, the 7mer-m8 site, contains the seed match
augmented by a match to miRNA nucleotide 8 (Brennecke et al., 2005; Krek et al., 2005;
Lewis et al., 2005; Lewis et al., 2003). Another 7mer, the 7mer-Al site, which contains the
seed match augmented by an A at target position 1 (Lewis et al., 2005). The 8mer site
comprises the seed match flanked by both the match at position 8 and the A at position 1
(Lewis et al., 2005). The pairing to the seed region is not only important for recognition but
also that in some cases appear sufficient to gene repression (Brennecke ef al., 2005; Doench

and Sharp, 2004).
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Figure 7. Types of miRNA complementary sites.
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A central goal for understanding miRNAs functions has been to understand how they
recognize their target messages (Bartel, 2004). Studies have suggested five general features of
site context that boost site efficacy: (1) AU-rich nucleotide composition near the site; (2)
Proximity to sites for coexpressed miRNAs (which leads to cooperative action); (3) Proximity
to residues pairing to miRNA nucleotides 13—16; (4) Positioning within the 3°UTR at least 15
nt from the stop codon; (5) Positioning away from the center of long UTRs (Grimson ef al.,
2007). To predict the target genes, several bioinformatics methods can be used: TargetScan
(http://www.targetscan.org) (Lewis et al., 2005), PicTar (http://pictar.mdc-berlin.de) (Krek et
al., 2005), miRWalk (http://mirwalk.uni-hd.de) and RNAhybrid (http://bibiserv.techfak.uni-
bielefeld.de/rnahybrid/submission.html) (Rehmsmeier et al., 2004).

1.4.4 MicroRNAs in diseases and development
Gene expression is tightly controlled in many levels. The discovery of miRNAs has

fundamentally altered our understanding of gene regulation and added a new dimension to
already complex gene regulatory networks (Bartel, 2004). Since the early 2000, studies have
revealed that miRNAs are involved in different physiological and pathophysiological
processes such as development, differentiation, apoptosis, fat metabolism, viral infection, and
cancer (Miska, 2005). In 2003, Wienholds et al reported that defective in miRNA processing
arrest Zebrafish development (Wienholds et al., 2003). Moreover, miRNAs were shown to be
dispensable for cell fate determination, axis formation, and cell differentiation but are
required for brain morphogenesis in zebrafish embryos (Giraldez ef al., 2005). Taken together,
miRNAs can play essential roles in development. In cancers, microRNAs can act as
oncogenes or tumor-suppressors. ‘Oncogenic’ miRNAs (i.e. miR-155, miR-21 and miR-17)
are frequently overexpressed in tumors, while ‘tumor-suppressor’ miRNAs (i.e. let-7 and
miR-16) are consistently lost in most cancers (Lu et al., 2005; Volinia et al., 2006). In fat
metabolism, up regulation of miR-143 has been associated with obesity in adipose and
inhibition of miR-143 effectively suppressed adipocyte differentiation (Takanabe et al., 2008;
Weiler et al., 2006). Interestingly, recent study showed that cellular miRNA can act
synergistically with a human cytomegalovirus (HCMV) miRNA to escape immune
elimination during HCMV infection (Nachmani et al., 2010), suggesting miRNAs as potential

targets for therapeutic purposes.
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1.4.5 MicroRNAs in skin

In skin, Yi and Fuchs et al observed that epidermis-specific removal of miRNA activity from
mice by conditionally targeting Dicerl gene in embryonic skin progenitors leads to disturbed
epidermal morphogenesis, highlighted the important role of microRNAs in skin biology (Y1 et
al., 2006). However, at that time, the expression and function of miRNAs in human skin was
largely unknown and there were no any studies about the involvement of miRNAs in skin
inflammatory diseases. We set out this study to investigate the role of microRNAs in human

skin inflammation, especially in psoriasis (Sonkoly et al., 2007).
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2 AIMS OF THE THESIS

The overall aim of the study is to investigate the function of microRNAs in pathogenesis of
psoriasis and skin biology. The specific aims for individual papers are:

e Paper I: to examine the potential involvement of microRNAs in the pathogenesis of
psoriasis and skin inflammation and to identify psoriasis-associated microRNAs.

e Paper II: to investigate the involvement of microRNAs in keratinocyte differentiation
and to further explore the signaling pathways that regulate the expression of miR-203
during keratinocyte differentiation.

e Paper Ill: to explore the role of miR-203 in human skin morphogenesis.

e Paper IV: to explore the signaling pathways regulated by miR-203 and to further

investigate the role of miR-203 involved in NF-kB signaling.
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3 MATERIALS AND METHODS

3.1 Patient material (paper I, Ill)

All in vivo studies are carried out according to the Declaration of Helsinki Principles, and
were approved by the Stockholm Regional Ethics Committee (Dnr. 2007/20-31/2 for paper 1,
Dnr. 2009/550-323 for paper III). In paper I, both psoriasis patients and healthy controls were
between 18—65 years old. Patients had not received systemic immunosuppressive treatment or
PUVA/solarium/UV, for at least 1 month, and topical therapy for at least 2 weeks before skin
biopsy was taken. After obtaining informed consent, 4mm punch biopsies were taken and
snap frozen, from lesional skin of patients with moderate or severe chronic plaque psoriasis
(n= 25), lesional skin of patients with moderate to severe chronic atopic eczema (n =20), and
from non-inflamed, non-irritated skin of healthy individuals (n= 26). In paper III, human
foetal skin biopsies from 14, 17, 20 and 22 weeks of EGA were obtained from electively

aborted foetuses. Adult skin biopsies were obtained from healthy donors.

3.2 Cells (paper I, Il, il and 1V)

In paper I, primary human keratinocytes, dermal fibroblasts and melanocytes were isolated
from healthy skin using standard protocols and cultured as described (Homey et al., 2000;
Pivarcsi et al., 2003). Monocytes were isolated from peripheral blood mononuclear cells
(PBMCs) from healthy blood donors (Karolinska University Hospital Blood Bank, Stockholm,
Sweden) using MACS separation. Immature monocyte-derived dendritic cells (MDDCs) were
generated by culturing separated monocytes in the presence of GM-CSF (550 1U/ml), and IL-
4 (800 IU/ml) (Biosource International, Camarillo, CA, USA) for 6 days. CD4", CD§",
CD4+CD25high, CD56%, CD19", and CD69" cells were isolated from PBMCs from healthy
blood donors by FACS sorting using a Becton Dickinson (BD) FACSAria cell sorting system
and BD FACSDiva software v 4.1.2 (BD Biosciences, Franklin Lakes, NJ, USA).
Granulocytes and eosinophils were FACS sorted from whole blood following RBC lysis with
ACK lysis buffer.

In paper II and IV, human adult skin epidermal keratinocytes (obtained from Cascade

Biologics, Inc., Portland, OR) were cultured in EpiLife® serum-free keratinocyte growth
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medium including Human Keratinocyte Growth Supplement (HKGS) at a final Ca2+-

concentration of 0.06mM (Cascade Biologics, Inc.).

In paper III and IV, HeLa and HEK293 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% newborn calf serum, 100 U/ml penicillin/streptomycin

(Invitrogen, Grand Island, NY).

All the cells are cultured at 37°C in 5% CO2.

3.3 Keratinocyte differentiation models (paper Il)

To investigate the effects of keratinocyte differentiation inducers in regulating miRNAs
expression, keratinocytes were subcultured into six-well plates at a density of 24,000 cells per
well and exposed to 1.5mM CaCl2 (Cascade Biologics), 50 ng/ml TPA, and 100 nM vitamin
D3 (1,25(0OH)2D3) (both from Sigma, St Louis, MO). Medium was used as a control for
CaCl2, and DMSO was used as a control for TPA and for vitamin D3. Plates to be used for
RNA preparation, real-time PCR, and LDA profiling (Applied Biosystems) were washed
twice with phosphate-buffered saline (PBS) at 1, 4, 24, and 48 hours after calcium and TPA
treatment, and at 3, 6, 12, 24, and 48 hours after vitamin D3 treatment. To avoid effects of
changes in keratinocyte physiology during culture, each time point includes treated and
corresponding untreated, control samples. To examine whether confluent status of
keratinocytes influences miR-203 expression, RNA were collected from the cells at 25, 50,

and 100% confluence and at 4 days after confluence.

3.4 Biopsies homogenization&RNA isolation (paper I, Il, lll and 1V)

In paper I, skin biopsies were homogenized with a Mikro-Dismembrator S laboratory ball mill
(MTI corporation, Richmond, CA, USA), and total RNA was extracted using TRIzol

(Invitrogen, Carlsbad, CA) according manufacture’s instruction.

Total RNA from cultured cells was prepared using Trizol (Invotrogen).
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3.5 miRCURY LNA ™ miRNA microarray and data analysis (paper )

Locked nucleic acid (LNA ™) nucleosides are a class of nucleic acid analogues in which the
ribose ring is ‘locked’ by a methylene bridge connecting the 2’-O atom with the 4’-C atom.
LNA ™ nucleosides contain the six common nucleobases (T, C, G, A, U and mC) that appear
in DNA and RNA and are able to form base pairs according to standard Watson-Crick base
pairing rules. Moreover, the locking is constrained in the ideal conformation for Watson-

Crick binding. (Kloosterman et al., 2006).

DNA LNA

Base Base

Figure 8. LNA vs. DNA.

In paper I, total RNA from lesional skin of psoriasis patients (n= 3) and atopic eczema
patients (n= 3) and skin of healthy individuals (n= 4) was isolated using TRIzol reagent
(Invitrogen). Two pg of total RNA from each sample were labeled using the miRCURY ™
Hy3™/Hy5™ labelling kit and hybridized on the miRCURY ™ LNA Array (v.8.0) (Exiqon,
Vedbek, Denmark). Signal intensities were normalized using the global Lowess regression
algorithm. For subsequent analysis, we used the log2 of the background-subtracted,
normalized median spot intensities of ratios from the two channels (Hy3/Hy5). To find
consistently differentially expressed genes, the data were subjected to SAM analysis as
described previously (Tusher et al., 2001). For visualization of differentially expressed
miRNAs, a heat map was generated using TreeView (http://jtreeview.sourceforge.net). All
microarray data reported in the manuscript is described in accordance with MIAME

guidelines and have been deposited at EMBL-EBI (accession number: E-MEXP-1123).

3.6 MiRNA-specific real-time PCR (paper I, i)
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In paper I, total RNA of skin biopsies and cells was extracted using TRIzol reagent. RNA
from 20 different normal human organs was obtained from Ambion (FirstChoiceH Human
Total RNA Survey Panel). Quantification of miRNAs by TagMan® Real-Time PCR was
carried out as described by the manufacturer (Applied Biosystems, Foster City, CA). Briefly,
10 ng of template RNA was reverse transcribed using the TagMan® MiRNA Reverse
Transcription Kit and miRNA-specific stem-loop primers (Applied Biosystems). 1.5 ul RT
product was introduced into the 20 ul PCR reactions which were incubated in 384-well plates
on the ABI 7900HT thermocycler (Applied Biosystems) at 95°C for 10 min, followed by 40
cycles of 95°C for 15 s and 60°C for 1 min. Target gene expression was normalized between

different samples based on the values of U48 RNA expression.

In paper II, 80 ng of template RNA was reverse transcribed using the TagMan MiRNA
Reverse Transcription Kit and the multiplex RT primer pools containing miRNA-specific
stem-loop primers (Applied Biosystems). Diluted RT product (1.5 ul) was introduced into the
20 pl PCR reactions, which were incubated in 384-well plates on the ABI 7900HT
thermocycler (Applied Biosystems) at 95°C for 10 minutes, followed by 40 cycles of 95°C for
15 seconds and 60°C for 1 minute. Target gene expression was normalized between different

samples based on the values of U48 small RNA expression.

3.7 miRCURY LNA ™ miRNAs in situ hybridization (paper I, Ill)

miRCURY LNA ™ miRNA Detection Probes for in situ hybridization bind to their target
with high affinity and enables specific and sensitive detection of miRNAs. In paper I, in situ
transcriptional levels of miR-203 were determined on frozen sections (10 um) of skin biopsy
specimens from six psoriasis patients and six healthy individuals according to the
manufacturer’s instructions (Exiqon). Briefly, sections were hybridized overnight with
digoxygenin-labeled miRCURY LNA ™ probes (Exiqon) and incubated with anti-
digoxygenin antibody conjugated with alkaline phosphatase (Roche, Basel, Swissland) for 1 h.
Sections were visualized by using BM purple substrate (Roche) together with 2 mM
levamisole (Roche). The color reaction was performed overnight. We followed the protocol
recommended by the manufacturer (Exiqon). The stained sections were reviewed with a Zeiss

microscope.
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3.8 TagMan® MiRNA Low Density Array (TLDA) (paper i)

In paper II, the global miRNA profiling for 365 human miRNAs was carried out using the
TagMan LDA Human miRNA Panel v1.0 (MicroFluidic card, Applied Biosystems). Relative
levels of miRNAs expression are determined ABI7900 HT analyzer with TLDA upgrade and
analyzed with RQ Manager Software provided by Applied Biosystems.

YYYYYVYYY

Differentiated keratinocyte

Figure 9. TLDA flow chart.

Total RNA from cultured keratinocytes was prepared using Trizol (Invotrogen). MiRNAs
were reverse transcribed by Megaplex'© RT Primers& TagMan MiRNA Reverse
Transcription Kit and amplified (PCR) using the multiplex reverse transcription (RT) TagMan
MiRNA Low Density Array (TLDA) (Applied Biosystems). An amount of 640 ng of starting
total RNA (80 ng for each of the eight RT-PCR) was used for each sample. All the quality
control tests were validated: blanks and reproducibility (standard deviation of cycle threshold
(Cr) <1) of the two small nucleolar housekeeping RNAs RNU48 (SNORD48) and RNU44
(SNORD44). The amount of RNA from each sample was calibrated to the more stable
(between the different arrays) small nucleolar housekeeping RNA, RNU48. To find
consistently differentially expressed genes, the data were subjected to SAM analysis as
described (Sonkoly et al., 2007). Genes showing at least 1.5-fold regulation and a g-value

<20% were considered to be differentially expressed.
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3.9 Quantitative real-time PCR (paper i, 1V)

For the quantification of IL-8 and hCAP18, 20 ng of cDNA were amplified per reaction in the
presence of TagManR universal master mix (Applied Biosystems) and the following specific
primers and probes: IL-8-F: 5°- CCA CAC TGC GCC AAC A-3’, IL-8-R: 5’-GCA TCT TCA
CTG ATT CTT GGA T-3’, IL-8-PR: 5’- CTG GGT GCA GAG GGT TGT GG-3’. (Stage 1:
50°C for 2 minutes, stage 2: 95°C for Smin, stage 3: 95°C for 15s, 57°C for 45s, repeated 42
times); hCAPI18-F: 5’-GTCACCAGAGGATTGTGACTTCAA-3°, hCAPI8-R: 5’-
TTGAGGGTCACTGTCCCCATA-3’, hCAP18-PR: 5’-CCGCTTCACCAGCCCGTCCTT-3".
(Stage 1: 50°C for 2 minutes; stage 2: 95°C for 10 minutes; and stage 3: 95°C for 15 seconds,

60°C for 1 minute, repeated 40 times).

For the quantification of involucrin, 20 ng of cDNA was amplified per reaction in the
presence of SYBR green master mix, (Applied Biosystems) and the following specific
primers:  involucrin—F:  5’-ACCCATCAGGAGCAAATGAAA-3> and R: 5’-
GCTCGACAGGCACCTTCTGGCA-3’ (Stage 1: 95°C for 5 minutes, stage 2: 95°C for 15
seconds, 60°C for 1 minute, repeated 40 times, stage 3: 95°C for 1 minute, stage 4: 55°C for 1
minute; stage 5: 55°C for 10 seconds, increasing the set point temperature after cycle 2 by

0.5°C, repeated 80 times).

For the quantification of IL-1a, 20ng of cDNA were amplified per reaction in presence of
TagMan® universal master mix (Applied Biosystems) and TagMan® Gene Expression Assay
(Hs00899848 m1l) (Applied Biosystems) (stage 1, 50°C for 2 min, stage 2, 95°C for 10 min
and stage 3, 95°C for 15 s, 60°C for 1 min, repeated 40 times). Gene-specific PCR products
were measured by means of an ABI PRISMR 7000 Sequence Detection Systems (Applied
Biosystems). Target gene expression was normalized based on the values of the expression of
18S RNA (18S-F: 5°-CGG CTA CCA CAT CCA AGG AA-3’, 18S-R: 5’-GCT GGA ATT
ACC GCG GCT-3’, 18S TagMan probe: 5’- FAM/ TGC TGG CAC CAG ACT TGC CCT C
-37).

3.10 Specific up- and down-regulation of miR-203 activity (paper Il
and 1V)
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The activity of miR-203 was up-regulated by transfection of keratinocytes at 50 to 60%
confluence with miR-203 miRNA precursor (pre-miR-203) (Ambion, Foster City, CA) which
is a small, double stranded, chemically modified nucleic acid that mimic miR-203 precursor
molecules; or miRNA precursors negative control #1 (pre-miR-CON) (Ambion) which is a
double stranded RNA oligonucleotide designed to serve as a negative control for experiments

involving Pre-miR miRNA Precursors;

For the specific down-regulation of miR-203, we transfected keratinocytes with LNA™miR-
203 inhibitors (anti-miR-203) (Santaris Pharma, Hersholm, Denmark) or universal LNA-

based negative control (anti-miR-CON) (Santaris Pharma).

3.11 RT? Profiler™ PCR Array (paper IV)

In paper 1V, to investigate the signal pathways regulated by miR-203, RT? Profiler™ PCR
Array was applied (SuperArray Bioscience Corp, Frederick, USA). Human keratinocytes
were transfected with pre-miR-203 or scramble control (pre-miR-CON) for 72 hours. We
used the RT? Profiler PCR Array System to compare the expression of 84 genes, selected
activation markers of 18 signal transduction pathways, in keratinocytes overexpressing miR-
203 or scramble control. Real-time PCR detection was carried out by the manufacturer's
instructions. The experimental cocktail was prepared by adding 1275uLl of the SuperArray
RT? qPCR master mix and 1173uL ddH,0 to 102 pL of the diluted cDNA mixture. For real-
time PCR detection, 25uL of this cocktail was added to each well of the 96-well PCR array.
The array was then cycled on a real-time thermal cycler through the following program: 1
cycle of 10 minutes at 95°C followed by 40 cycles of 15 seconds at 95°C and of 1 minute at
60°C. SYBR Green fluorescence was detected from each well during the annealing step of
each cycle. Values were exported to a template Excel file for analysis. Analyses of the raw

data were done through the Superarray Data Analysis Web Portal (SuperArray Bioscience
Corp).
3.12 p65 Translocation assay (paper IV)

The NF-kB family of transcription factors consists of five members in mammalian cells:

RELA (also known as p65), REL (also known as c-REL), RELB, p50 and p52, which can
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form homodimers or heterodimers, p65/p50 is most abundant dimmer. Following cell
stimulation, NF-xB dimers translocate from the cytoplasm to the nucleus, and it binds to the

response elements of downstream genes (Bonizzi and Karin, 2004; Sen and Baltimore, 1986a,

b).

In paper IV, to examine the effect of miR-203 in p65 translocation, keratinocytes were
cultured in 60mm Petri dishes at a density of 100 000 cells/well and transfected with 10nM
pre-miR-203 or pre-miR-CON (Ambion) when reaching 50% confluence. 48h after
transfection, keratinocytes were exposed to 50ng/ml recombinant human TNF-a (R&D
system) for 15 min, 30 min and 45 min or left untreated. The nuclear fraction was extracted
by nuclear extract kit (Active motif, CA, USA). The protein expression was analyzed by
Western blotting with purified mouse anti-human NF-«B p65 (1:1000) (BD Transduction
Labortories™, Franklin Lakes, New J ersey,USA). The protein levels were visualized by ECL
(GE Healthcare, Niskayuna, NY) using horseradish peroxidise (HPR)-conjugated anti-mouse
antibody (1:2000) (DakoCytomation, Glostrup, Denmark). As loading controls, the blots were
re-probed using a rabbit anti-human TATA binding protein (Abcam, Cambridge, UK) and
secondary HPR—conjugated anti-rabbit antibody (1:2000) (DakoCytomation).

3.13 NF-kB luciferase reporter assay (paper IV)

Upon proper stimuli, the dimers of NF-xB family translocate into the cell nucleus and bind to
the response elements located in the promoter regions of its target genes and active their

transcription (Sen and Baltimore, 1986a, b).

In paper 1V, to investigate whether miR-203 can affect NF-kB signaling, it is necessary to
examine if miR-203 can influence the binding between the dimers of NF-kB family and the
NF-kB response elements. To this end, luciferase reporter plasmid (PGL4.32) containing five
copies of an NF-kB response element were purchased from Promega. Keratinocytes were
plated in 24-well tissue-culture dishes and transfected at 50% confluence with PGL4.32
(200ng per well) together with Pre-miR-203 (50nM per well) or pre-miR-CON (50nM per
well). 24h after transfection, the cells were treated with 20ng/ml TNF-a or medium for Sh. All

transfections were carried out in triplicate with Fugene6 (Roche, Basel, Swissland) following
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the manufacturer’s protocol. Luciferase activity was determined using Dual Luciferase®

Reporter Assay System (Promega, Madison, USA).

3.14 AP-1 transcription factor assay (paper ll)

In paper II, to examine the involvement of the API1 transcription factor complex in the
regulation of miR-203, keratinocytes were cultured in 60mm Petri dishes at a density of
50,000 cells per well and cultured in EpiLife serum-free keratinocyte growth medium
excluding Human Keratinocyte Growth Supplement when reaching to 70% confluence. One
day after starvation, 100 nM Ro31-8220 (Calbiochem) or 10 mM GF109203X (Calbiochem)
were added to keratinocytes, followed by 50 ng/ml TPA stimulation. The nuclear fraction was
extracted by nuclear extract kit (Active Motif, Carlsbad, CA), and activation of JunB and c-
Jun were measured using the TransAM AP-1 Family Transcription Factor Assay Kit (Active

Motif) according to the manufacturer’s instruction.

3.15 Firefly luciferase assay (paper lll and 1V)

To date, several methods have been established to show miRNAs regulating their putative
target genes. Most commonly used are luciferase reporter constructs containing the target 3’
UTR with the putative binding site downstream of the reporter coding region. These
constructs are used to transfect cells expressing the relevant miRNA, along with vectors
carrying mutant versions of binding sites. Evidence for miRNA activity can be established
when wild-type reporters have less activity than their respective mutants (Krutzfeldt et al.,

2006).

In paper 111, to verify if SOCS3 is the direct target of miR-203, the SOCS3 3’UTR fragment
encompassing the putative target site or the mutated fragment was introduced into luciferase
reporter vector (200 ng per well) (pMIR-REPORTTM miRNA Expression Reporter Vector
System, Ambion, Austin, TX, USA). Luciferase activity was measured 24 h after
cotransfection of the luciferase reporter gene and exogenous precursor miR-203 (Ambion)

into Hel a cells.
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In paper IV, to confirm that IL-8 is the direct target of miR-203, firefly luciferase reporter
plasmids containing 3'UTR of the IL-8 gene and empty luciferase vector were obtained from
SwitchGear Genomics (Menlo Park, CA). HEK293 cells were plated in 24-well tissue-culture
dishes 24 hours prior to transfection at a density of 80,000 cells per well. Cells were
transfected with the firefly luciferase reporters (50 ng per well), pRL-TK renilla luciferase
vector (10 ng per well) (Promega, Madison, USA) together with Pre-miR-203 (10nM per well)
or pre-miR-CON (10nM per well).

3.16 Enzyme-linked immunosorbent assay (ELISA) (paper V)

In paper IV, to investigate if miR-203 suppressed the protein expression of IL-8 and IL-1a,
two well-known downstream genes of NF-kB pathway. We performed ELISA to detect IL-8

and IL-1a protein expression in culture supernatants from keratinocytes.

Keratinocytes were cultured in 12-well plates and transfected with 10nM pre-miR-203 or
10nM pre-miR-CON (Ambion), 10nM anti-miR-203 (Santaris Pharma) or 10nM anti-miR-
CON (Santaris) (Ambion) when reaching 50% confluence. To investigate the effect of miR-
203 in IL-8 and IL-1a protein expression upon activated NF-kB signaling, keratinocytes were
treated with 50ng/ml recombinant human TNF-a (R&D system, Minneapolis, MN, USA) 24
hours after transfection. 6 and 24 hours after TNF-a treatment, culture supernatants were
collected respectively. To explore whether miR-203 modulates IL-8 and IL-la protein
expression upon non-activated NF-kB signaling, culture supernatants were harvested 24, 48,
72 and 96 hours after transfection. Culture supernatants were analysed for IL-8 and IL-1a

expression by ELISA (R&D system), according to the manufacture’s protocol.

3.17 Western blotting (paper I, Il and 1V)

Western blotting allows the identification of proteins of interest through probing with specific

antibodies.
In paper I, to examine SOCS3 protein expression in lesion skin of psoriasis patients and in

healthy skin, a mouse anti-human SOCS-3 antibody (1:2500) (Alexis Biochemical, Lausen,

Switzerland) were used. In paper II, to investigate if miR-203 can regulate keratinocytes
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differentiation, keratinocytes were transfected 10nM pre-miR-203 or 10nM pre-miR-CON;
5nM anti-miR-203 or 10nM anti-miR-CON for 72h. Keratinocytes lysates were analyzed for
protein expression by western blotting with a mouse anti-human involucrin antibody at a
concentration of 1:1000 (Sigma Aldrich, St Louis, MO). In paper 1V, to explore if miR-203
modulates p65 translocation, a mouse anti-human NF-kB p65 (1:1000) (BD Transduction
Labortories™, Franklin Lakes, New Jersey,USA) was used with keratinocytes nuclear
fraction. The protein levels were visualized by ECL (GE Healthcare, Niskayuna, NY) using
horseradish peroxidise (HPR)-conjugated anti-mouse antibody (1:2000) (DakoCytomation,
Glostrup, Denmark). As loading controls, the blot from nuclear fraction was re-probed using a
rabbit anti-human TATA binding protein (1:4000) (Abcam, Cambridge, UK) and secondary
HPR—conjugated anti-rabbit antibody (1:2000) (DakoCytomation). The blots from whole cell

lysates was reprobed using a mouse anti-human B-actin (1:50,000) (Sigma).

3.18 Immunohistochemistry (paper I and Ill)

In paper I, SOCS-3 protein expression was analyzed in skin from 9 psoriasis patients and 8
healthy control individuals. Cryostat sections (7 mm) from skin biopsies were stained with the
ABC-ELITE (Vector Laboratories) immunohistochemical staining method, using rabbit anti-
human SOCS-3 (1: 400) (Santa Cruz, CA, USA), following the manufacturer’s instructions.
In paper III, the expression of p63 (1: 200), SOCS3 (1:400) (Santa Cruz), involucrin (1: 200)
(Visionbiosystems, Newcastle, UK) and filaggrin (1: 400) (Abcam, Cambridge, UK) was
analysed in foetal skin biopsies from 14, 17, 20 and 22 weeks of EGA and adult skin sections
by ABC-ELITE immunohistochemical staining.

3.19 Immunofluorescence (paper ll)

In paper 11, to investigate the effects of miR-203 on keratinocyte differentiation, keratinocytes
were cultured in cover slips precoated with collagen IV and were transfected with 10nM pre-
miR-203 or 10nM pre-miR-CON; 5nM anti-miR-203 or 5nM anti-miR-CON using
Lipofectamine 2000 (Invitrogen) following the manufacturer’s instruction. In the inhibitor
experiments, the cells were exposed to 1.5mM CaCl2 (Cascade Biologics) after 16 hours to
induce endogenous miR-203. 72h after transfection, the cells were washed in PBS, followed

by 10 minutes fixation in 4% formaldehyde and 5 minutes blocking in serum-free protein
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block (Dako, Denmark) at room temperature. The primary antibody (anti-human involucrin
antibody, Sigma Aldrich) diluted at 1:200 in 1%BSA/PBS was added and incubated overnight.
The secondary antibody, 1 mg/ml Alexa Fluor 594 donkey anti-mouse IgG (Invitrogen), was
diluted in 1%BSA/PBS and incubated with the cells for 17 minutes at room temperature
without exposing to direct light. Sections were mounted using 40-6-diamidino-2-phenylindole

(DAPI)-containing mounting medium (Vector Laboratories, Burlington, CA).
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4 RESULTS AND DISCUSSION

4.1 Paper |- MicroRNAs: Novel Regulators Involved in the
Pathogenesis of Psoriasis?

4.1.1 A characteristic miRNA signature identified in psoriasis skin
To examine the potential involvement of miRNAs in the pathogenesis of psoriasis, we

performed microRNA profiling for 342 miRNAs in skin lesions of patients with psoriasis
(n=3) and healthy skin (n=4). To take a broader view of skin inflammation, we also included
3 lesional skin samples from atopic eczema, another common skin inflammatory disease. We
showed for the first time that psoriasis-affected skin has a specific microRNA expression
profile compared with healthy human skin or atopic eczema. 29 miRNAs were consistently
differentially expressed between psoriasis and healthy skin. Among the 29 identified miRNAs,
there were (I) miRNAs specifically up-regulated in psoriasis, (II) miRNAs with increased
expression in both psoriasis and atopic eczema, (III) miRNAs specifically down-regulated in
psoriasis, and (IV) miRNAs uniformly down-regulated in both skin diseases. 17 miRNAs
were found to be specifically up-regulated or down-regulated in psoriasis as compared with

healthy skin.

To confirm the result of the miRNA profiling, we analysed the expression of miR-203, miR-
146a, miR-21 and miR-125b in larger cohort, psoriasis (n= 25), healthy skin (n= 26) or atopic
eczema lesions (n =20) using microRNA specific-quantitative real time PCR. In line with the
result from microarray study, quantitative real-time PCR results showed that miR-203
(p<0.001) and miR-146a (p<0.001) were specifically overexpressed in psoriasis skin. Unlike
miR-203 and miR-146a, miR-21 was significantly (p<0.001) up-regulated both in psoriasis
and atopic eczema, suggesting that this miRNA is involved in inflammation in general and not
specifically in psoriasis. MiR-146a upregulation has been associated with rheumatoid arthritis
(RA) (Li et al., 2010; Nakasa et al., 2008). Overexpression of miR-146a suppresses T cell
apoptosis indicate a role of miR-146a in RA pathogenesis and provide potential novel
therapeutic targets (Li et al., 2010). MiR-125b showed the opposite expression pattern to
miR-21: the level of this miRNA significantly (p<0.001) decreased both in psoriasis and
atopic eczema. Taken together, the distinct microRNAs expression pattern distinguished

psoriasis from healthy skin and atopic eczema lesion.
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4.1.2 miR-203 showed skin- and keratinocyte- specific expression
pattern

To get further insight into the function of those four miRNAs, we systematically analysed the
expression of miR-203, miR-146a, miR-21 and miR-125b in a panel of 21 different human
organs and tissues. Interestingly, miR-203, a miRNA specifically upregulated in psoriasis,
was expressed more than 100-fold higher in skin compared with most other studied organs. In
addition to skin, miR-203 was expressed at lower levels in organs, esophagus and cervix, that
also contain squamous epithelium, suggesting that a specific function for this miRNA in the
formation or function of squamous epithelia. In contrast to miR-203, the mature forms of
miR-146a, miR-21 and miR-125b were detected in all studied organs with different

expression pattern.

In psoriasis, there is evidence for the pathogenic relevance of several different cell types that
normally occur in skin: keratinocytes (Sano et al., 2005), fibroblasts (Dimon-Gadal et al.,
2000), monocyte-derived immunocytes (Lowes et al., 2007; Nestle et al., 2005), T cells
(Nickoloff and Wrone-Smith, 1999), and mast cells (Fischer et al., 2006). Therefore it is
likely that this disease is the outcome of aberrantly activated mechanisms that involve a
variety of different cell populations (Lowes et al., 2007; Stratis et al., 2006). To identify the
cell types expressing those four miRNAs, we systematically analysed the expression of miR-
203, miR-146a, miR-21 and miR-125b in the panel of cells present in healthy and/or inflamed
skin including both resident cells (keratinocytes, dermal fibroblasts and melanocytes) and
leukocyte/immune cell subsets (CD4", CD8" and CD4" CD25Me" T cell subsets, NK cells,
granulocytes, B cells, dendritic cells and mast cells). MiR-203, the miRNA specifically
upregulated in psoriasis and was specifically expressed in skin, showed keratinocyte-specific
expression pattern, suggesting a strong link between miR-203 and keratinocytes&skin biology

and hinting a potential involvement of miR-203 in pathogenesis of psoriasis.

4.1.3 A plausible link between miR-203 and keratinocyte dysfunction in
psoriasis through the regulation of SOCS-3 signaling

Epidermal keratinocytes are active participants in the formation of psoriasis plaques. Psoriatic
keratinocytes show abnormal differentiation and proliferation, have aberrant cell signaling
and produce mediators that contribute to the recruitment and activation of immune cells (Sano

et al., 2005). The specific expression of miR-203 in skin and in keratinocytes as well as its
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specific up-regulation in psoriasis implied that this miRNA plays a role in the regulation of

keratinocyte functions.

MiRNAs exert their regulatory function by binding to the 3’UTRs of their target genes for
translational repression and potentially mRNA degradation (Bartel, 2004). To investigate the
functions of miR-203 in keratinocytes and the pathogenesis of psoriasis, we predicted target
genes that can be regulated by miR-203 using bioinformatic tools. One of the identified
evolutionarily conserved target genes was Suppressor Of Cytokine Signaling 3 (SOCS-3).
SOCS-3 is part of a negative feedback loop in cytokine signaling inhibiting the activation of

STAT3, a transcription factor whose activation in keratinocytes is essential for the
development of psoriatic plaques (Lowes ef al., 2007; Sano et al., 2005). It has been shown
that SOCS-3 is upregulated in atopic eczema (Ekelund et al., 2006). However, before our
study, SOCS-3 was not known to be associated with psoriasis. We analysed the expression
pattern of miR-203 and SOCS-3 in the lesional skin of psoriasis patients and healthy skin by
immunohistochemistry and LNA-modified nucleotide probe in situ hybridization, respectively.
In comparison to healthy skin, the expression of miR-203 was increased in psoriatic lesional
skin in all epidermal layers, consistent with the real-time PCR results. Analysis of SOCS-3
protein expression pattern showed a complementary pattern with the miR-203 expression.
SOCS-3 was strongly expressed by the basal layer of keratinocytes in healthy skin, while it
was suppressed in the epidermis of psoriasis lesions. Down-regulation of SOCS-3 expression
in psoriatic lesional skin was further confirmed by Western blot analysis. However,
quantitative real time PCR analysis showed no significant difference in SOCS-3 mRNA
expression between psoriatic and healthy skin (data not shown), suggesting that the down-

regulation of SOCS-3 in psoriasis occurs at the posttranscriptional level.

One study has shown that SOCS-3 deficiency results in prolonged activation of signal
transducer and activator 3 (STAT3) after IL-6 stimulation (Croker et al., 2003), a cytokine
contributing to the pathogenesis of psoriasis (Grossman et al., 1989; Lowes et al., 2007).
This suggests that the suppression of SOCS-3 by miR-203 in psoriatic lesions would in turn
lead to constant activation of STAT3. The psoriatic hyperplastic epidermis shows increased
STAT3 activation and constitutively active STAT3 in keratinocytes leads to the spontaneous
development of psoriasis in transgenic mice (Sano et al., 2005). Accordingly, the up-
regulation of miR-203 may have important implications for psoriasis pathogenesis by

preventing the up-regulation of SOCS-3 in response to cytokines. It can be speculated that
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suppression of SOCS-3 in psoriatic keratinocytes leads to sustained activation of the STAT3
pathway, leading to the infiltration of leukocytes and the development of psoriatic plaques. In
addition to the modulation of the inflammatory responses, SOCS-3 has also been implicated
in the regulation of keratinocyte proliferation and differentiation. It has been shown that
overexpression of SOCS-3 in keratinocytes leads to final differentiation and inhibits serum-
stimulated proliferation (Goren et al., 2006). Therefore, miRNA-mediated suppression of
SOCS-3 expression in keratinocytes may not only modulate cytokine signaling but also
contribute to keratinocyte hyperproliferation and alteration in keratinocyte differentiation in

psoriatic plaques.

Taken together, we identified SOCS-3 as a target of miR-203 and showed its down-regulation
in psoriasis. Studies have reported that one miRNA can affect the cellular processes by
regulating the expression of multiple genes (Bartel, 2004; Hutvagner and Zamore, 2002;
McDaneld, 2009). Therefore it is not likely that miR-203 functions in psoriasis are mediated
solely through the suppression of SOCS-3. Instead, the function of miR-203 can be
interpreted as a function of the sum of all of its target proteins and the consequences of their
interactions. Thus, researches in the forthcoming years will be needed to understand fully the
consequence of the deregulation of miR-203 and other miRNAs in psoriasis. In 2009, Skov et
al published another paper regarding miRNAs and potential target interactions in psoriasis.
They further confirmed the significant upregulation of miR-203 and miR-21 in psoriasis
lesion compared to healthy skin. More importantly, they extended our finding to investigate
the global miRNA-mRNA target interactions in psoriatic lesion by associating the miRNA
expression with potential targets in the mRNA expression profile in psoriasis on the basis of
previously experimentally validated target interactions from the literature. Based on the
miRNA and mRNA array, they found the following potential mRNA targets: PDCD4, TPM1,
P57, C-KIT, RTN4, SHIP2, TIMP3, RECK and NFIB. The identified target mRNAs were
likely to be involved in cellular growth, proliferation, apoptosis and degradation of the
extracellular matrix, indicating the novel roles of miRNAs in pathogenesis of psoriasis (Zibert

etal.,2010).
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Figure 10. A proposed interaction between miR-203 and SOCS-3 contributing the

pathogenesis of psoriasis.

4.2 Paper Il — Protein Kinase C-Dependent Upregulation of miR-203
Induces the Differentiation of Human Keratinocytes

4.2.1 Calcium-induced differentiation alters miRNA expression in
keratinocytes

Keratinocyte differentiation is a multistep process requiring coordination of many genes
(Eckert and Rorke, 1989). To investigate the involvement of miRNAs in this process, we
carried out a comprehensive analysis of miRNA expression in primary proliferating (cultured
in low-calcium (0.06mM) media) or differentiated (cultured in high-calcium (1.5mM) media)
keratinocytes. Using the TagMan Low Density Array (TLDA) platform, the expression of the
biologically active form of 365 human miRNAs was examined in keratinocytes 48 hours after

calcium treatment.

Interestingly, the most abundant miRNAs in human keratinocytes (either proliferating or
differentiated keratinocytes) could be classified into several gene families sharing 5’ seed
sequences. The miR-17 family (miR-20a, miR-19a and miR-19b, miR-92, and miR-93), miR-
221 family (miR-221 and miR-222), miR-26 family (miR-26a and miR-26b), miR-99 family
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(miR-99a and miR-100), the miR-125 family (miR-125a and miR-125b), and the miR-15
family (miR-15b and miR-16). Expressing multiple miRNAs with shared seed sequences may
enable the suppression of miRNA targets more effectively and rapidly. Moreover, as the
thermodynamics of RNA-RNA binding plays an essential role in miRNA interaction with
target mRNA, it is expected that sequence variations such as SNPs or mutations at the
miRNAs seed sequence or at miRNA-binding sites may affect the expression of miRNA
targets (Brennecke ef al., 2005). Thus the cluster expression of miRNAs in keratinocytes may
ensure that mutation or SNPs at one miRNA gene or miRNA-binding sites will not have

detrimental effect on cells as other family members may compensate for the loss of function.

In addition to these miRNA families, miR-205, miR-200c, miR-31, miR-24, and miR-21 were
identified as particularly abundant miRNAs in human keratinocytes. To date, several studies
have been carried out to investigate the function of those miRNAs in keratinocyte biology
(Mardaryev et al., 2010; Yu et al., 2010; Yu et al., 2008). It was shown that miR-184 can
antagonize miR-205 to maintain SH2 domain-containing inositol phosphatase 2 (SHIP2)
levels in epithelia (Yu et al, 2008) and upregulation of miR-205 promoted keratinocyte
migration by targeting the lipid phosphatase SHIP2 (Yu ef al., 2010). MiR-31 has shown to
ablate the expression of the hypoxia inducible factor (HIF) regulatory factor FIH to activate
the HIF pathway in head and neck carcinoma (Liu ef al., 2010). Moreover, administration of
miR-31 inhibitor into mouse skin during the early- and midanagen phases of the hair cycle
results in accelerated anagen development, and altered differentiation of hair matrix
keratinocytes and hair shaft formation (Mardaryev ef al., 2010). MiR-200c is a member of the
miR-200 family and loss of its expression can result in epithelial to mesenchymal transition
(Gregory et al., 2008). MiR-24 is upregulated in oral squamous cell carcinoma (OSCC).
Experiments blocking miR-24 and using exogenous miR-24 expression indicated that miR-24

contributes to the growth of OSCC cells and that miR-24 may target p57 (Lin et al., 2010).

4.2.2 miR-203 is upregulated during keratinocyte differentiation

Comparing the miRNA expression profiles of proliferating and differentiated keratinocytes
using the significance analysis of microarrays (SAM), we found that miR-203 was the most
upregulated (8.3-fold change) miRNA in differentiated keratinocytes in comparison with
proliferating controls and showed the highest upregulation among all the miRNAs. In 2010,
Hildebrand J et al extended the miRNA profiling during keratinocyte differentiation to several
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time points in vitro as well as in vivo. They confirmed that miR-203 was the most stringently
upregulated miRNA under high calcium conditions (Hildebrand ef al.). We therefore focused
on characterizing the regulation of miR-203 by agents that are known to induce keratinocyte
differentiation. Calcium, TPA and vitamin D were chosen. After 24-48 hours of treatment
with TPA or calcium, keratinocytes showed morphological signs of terminal differentiation.
MiR-203 expression was significantly (P<0.05) increased 24 hours after exposure of
keratinocytes to high calcium. We observed further upregulation of miR-203 48 hours after
calcium treatment. Stimulation with TPA resulted in a detectable and significant (P<0.01)
upregulation of miR-203 expression already after 4 hours, and this effect was even stronger
24 and 48 hours post treatment. Quantitative real-time PCR results showed significantly
increased miR-203 expression after 24 (P<0.001) and 48 hours after vitamin D3 (P<0.001)
treatment. These results showed that the upregulation of miR-203 expression in differentiating
keratinocytes is not specific for calcium-induced differentiation but can also be achieved by

other inducers of keratinocyte differentiation.

To further investigate the upregulation of miR-203 expression during keratinocyte
differentiation, we set out to measure miR-203 levels in monolayer keratinocyte cultures at
different cell densities. This is the natural keratinocyte differentiation model. As cultures
grow to confluence, cells become tightly packed, maintain epithelial morphology, and close
association to one another, eventually establishing close contacts as a large continuous
monolayer sheet of cells. After confluence, cells become stratified and few mitoses are
observed (Eckert and Rorke, 1989; Green, 1980). We observed more than 10-fold increase in
miR-203 expression in cells that were kept in confluence for 4 days, compared with sub
confluent keratinocytes. The induction of miR-203 during keratinocyte differentiation is in
line with the expression pattern previously reported by us, where miR-203 was mainly
expressed by keratinocytes in the suprabasal layers in the epidermis of healthy human skin
(Sonkoly et al., 2007), implying the tight links between miR-203 expression and the

differentiation programme in keratinocytes.

4.2.3 miR-203 expression is repressed when keratinocyte differentiation
is prevented

We have shown that miR-203 was upregulated during keratinocyte differentiation. The next
question was what would happen if we prevented keratinocytes from differentiation. Would

miR-203 expression be suppressed? To answer this question, primary human keratinocytes
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were treated with recombinant human EGF or keratinocyte growth factor (KGF) or medium
for 24 and 48 hours and miR-203 expression was analyzed. EGF and KGF are well known
keratinocyte growth factors. Suitable concentration of EGF and KGF can prevent
keratinocytes from differentiation and promote proliferation (Chen et al., 1993; Gniadecki,
1998). Quantitative real-time PCR results showed a significant decrease in miR-203
expression 24 hours after treatment with KGF (P<0.001) and EGF (P<0.05). The suppressive
effect of both EGF and KGF on miR-203 expression in keratinocytes was more pronounced
48 hours after treatment. These results show that KGF and EGF suppress miR-203 expression

in keratinocytes.

4.2.4 Upregulation of miR-203 during keratinocyte differentiation is PKC-
dependent

Next, we asked what the signaling pathways involved in the regulation of miR-203 expression
during keratinocyte differentiation were. It has been known from the literature that TPA-
induced terminal differentiation of keratinocytes is mediated by the activation of protein
kinase C (PKC) (Yuspa et al., 1982). In vitro, PKC inhibitors effectively block the terminal
differentiation program induced by calcium or TPA in keratinocytes (Dlugosz and Yuspa,
1993). To examine if the upregulation of miR-203 is PKC-dependent, primary human
keratinocytes were treated with specific PKC inhibitors, GF109203X and R031-8220 (Cuenda
and Alessi, 2000; Toullec et al., 1991), together with TPA or DMSO alone. 24 hours after
TPA treatment, quantitative real time PCR was applied to analyse miR-203 and involucrin
expression. The results showed a significant upregulation of involucrin expression by TPA
stimulation, which was equally reversed by both PKC inhibitors. Similarly, TPA treatment
induced a five fold, significant (P<0.001) increase in the expression of miR-203 in
comparison with DMSO-treated cells 24 hours after treatment. Treatment of keratinocytes
with the specific PKC inhibitors not only significantly (P<0.001) blocked TPA-induced miR-
203 expression but also suppressed it to below the basal level. The results suggested that
activation of PKC is required for differentiation-induced upregulation of miR-203 in
keratinocytes. The two specific PKC inhibitors suppressed miR-203 expression below the
basal level, suggesting that endogenous PKC activation is required for homeostatic miR-203

expression.
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We then aimed to further investigate how PKC activation regulates the expression of miR-203.
Analysis of the putative promoter region of the miR-203 gene showed the presence of an AP-
1 transcription factor-binding site (unpublished observation), suggesting that activator
protein-1 (AP-1) is directly involved in the transcriptional regulation of miR-203. AP-1 is a
well-known downstream target of PKC action in keratinocytes, which is a transcription factor
consisting of homodimers or heterodimers of the Jun and Fos families of nuclear protein
(Rutberg et al., 1996; Shaulian and Karin, 2001). AP-1 proteins have essential roles in the
regulation of keratinocyte growth and differentiation. Different members of the AP-1 family
can have antagonistic effects. While c-Jun is primarily a positive regulator of proliferation,
JunB suppresses proliferation and promotes differentiation (Ikebe et al., 2007; Shaulian and
Karin, 2001; Welter and Eckert, 1995; Zenz and Wagner, 2006). To explore the regulation of
Jun family members by TPA in primary keratinocytes, we measured JunB and c-Jun activity
in TPA-treated keratinocytes using transcription factor assays. TPA treatment led to
significantly (P<0.05) increased JunB activation, which was prevented by the PKC inhibitors
GF109203X (P<0.001) and Ro31-8220 (P<0.01). In contrast to JunB, the activation of c-Jun
was decreased in TPA-treated keratinocytes (P<0.01), and this decrease was prevented by

GF109203X (P<0.05) but not by Ro31-8220.

Furthermore, we set out to investigate if dysregulation of Jun family members could affect the
expression of miR-203. To this end, we analyzed miR-203 expression in HaCaT keratinocytes
stably overexpressing c-Jun, or a dominant-negative mutant of JunB, JunBAN (Ikebe et al.,
2007). The results showed that miR-203 expression was suppressed in both HaCaT-c-Jun and
HaCaT- JunBAN cell lines, implying that JunB is a positive regulator and c-Jun is a negative
regulator of miR-203 expression which is in line with their antagonistic roles in keratinocyte
functions (Welter and Eckert, 1995; Zenz and Wagner, 2006). Hence, reduced JunB or
increased c-Jun activity led to decreased miR-203 expression in HaCaT keratinocytes,
indicating the involvement of AP-1 in the regulation of miR-203. In conclusion, our results
suggest that differentiation-induced miR-203 upregulation is dependent on the activation of

PKC and an altered balance between AP-1 family members.

4.2.5 The effect of miR-203 dysregulation in keratinocyte differentiation

Next we aimed to investigate the role of miR-203 in keratinocyte differentiation. To answer

this question, we used two parallel approached: 1) Transient overexpression of miR-203 in
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undifferentiated keratinocytes using synthetic precursor of miR-203 (pre-miR-203) and 2)
Inhibition of endogenous miR-203 during calcium-induced differentiation of keratinocytes

using LNA ™ antagomirs specific for miR-203 (anti-miR-203).

First, we transiently overexpressed miR-203 in primary keratinocytes by transfection of pre-
miR-203, and analyzed the expression of involucrin in the transfected cells.
Immunofluorescence as well as western blot showed the upregulation of involucrin in miR-
203-overexpressing keratinocytes compared with those transfected with a scrambled control
(pre-miR-CON), indicating that overexpression of miR-203 induces differentiation of

keratinocytes also in the absence of calcium or TPA.

Next, we investigated the effect of miR-203 inhibition in keratinocyte differentiation. In
monolayer keratinocyte culture system at subconfluence, keratinocytes are proliferating. As a
consequence, there is low expression of miR-203. To enhance and magnify the effect of miR-
203 inhibition in keratinocyte differentiation, we transfected keratinocytes with anti-miR-203
or nonspecific scrambled control LNA antagomir (anti-miR-CON) and subsequently treated
the cells with calcium. Both immunofluorescence and western blot showed that inhibition of
miR-203 resulted in decreased involucrin expression after calcium treatment in comparison

with controls.

In paper I, we identified miR-203 to be significantly overexpressed in psoriasis in comparison
with healthy skin and atopic eczema (Sonkoly et al., 2007). Psoriasis is characterized by
altered differentiation and hyperproliferation (Bernard et al., 1985; Griffiths and Barker,
2007). Because of the hyperproliferation, we initially expected miR-203 expression to be
decreased during differentiation. This is clearly not the case. Psoriasis keratinocytes do not
show an undifferentiated phenotype but undergo an alternative differentiation program and
early terminal differentiation markers such as involucrin are indeed overexpressed (Bernard et

al., 1985; Ishida-Yamamoto and lizuka, 1995).

In conclusion, miR-203 upregulation is required for complete keratinocyte differentiation.
Because (1) miRNAs have negative effects on protein output; (2) there are no predicted
binding sites for miR-203 in the 3’UTR of involucrin mRNA (unpublished observation), the
effect of miR-203 in involucrin expression is likely to be indirect. We hypothesize that miR-

203-induced involucrin expression is mediated by miR-203 targets that have negative effects
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on differentiation. Overexpression of miR-203 would eventually lead to the post-
transcriptional suppression of these genes, contributing to keratinocyte differentiation. To date,
SOCS-3, p63, c-abl oncogene 1 (ABL 1) have been identified as direct targets of miR-203
(Bueno et al., 2008; Lena et al., 2008; Sonkoly et al., 2007; Yi et al., 2008). However,
additional target genes that may serve as a link between miR-203 and differentiation still wait

to be discovered.

In 2008, Yi et al. found that transgenic mice overexpressing miR-203 driven by the keratin 14
promoter had a thinner epidermis with lower p63 expression in comparison with wild-type
mice. Moreover, transgenic mouse keratinocytes overexpressing miR-203 had a reduced
proliferation rate and reduced colony-forming capacity in comparison with wild-type
keratinocytes (Yi et al., 2008). However, epidermal differentiation markers were not induced
by overexpression of miR-203 as judged by the mRNA expression of K10, Filaggrin, and
Loricrin mRNAs (Yi ef al., 2008). In contrast, we found that ectopic overexpression of miR-
203 led to increased keratinocyte differentiation judged by involucrin protein level. Moreover,
inhibition of endogenous miR-203 impaired calcium-induced increase of involucrin protein.
We hypothesize that the following conditions would contribute to the discrepancy: (1) the
measurement of gene expression at the protein or mRNA level; (2) the use of different
differentiation markers; (3) the use of synthetic miRNA precursors instead of viral vectors; (4)
the expression of a different set of targets in human and mouse, although miR-203 is highly
conserved between mice and humans, this does not necessarily imply that all of their targets
are conserved as it is indicated by the obvious differences between the human and the mouse
epidermis. Further investigation and probably the identification of additional miR-203 targets

will be necessary to determine the reasons causing the discrepancy.
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Figure 11. A proposed model for the regulation of miR-203 in keratinocyte differentiation.

4.3 Paper lll — The expression of microRNA-203 during human skin
morphogenesis

In 2006, Yi et al. found that when miRNAs are globally ablated in mice skin epithelium by
targeting the gene that encodes the miRNA-processing enzyme Dicerl, hair follicles fail to
invaginate. This distorts epidermal morphology, underscoring the functional importance of
miRNAs in skin development (Yi et al, 2006). In 2008, it was shown that transgenic
overexpression of miR-203 in mice, driven by keratin 14 promoter resulted in the formation
of thinner epidermis and decreased proliferation, demonstrating critical roles for miR-203 in
epidermal morphogenesis (Yi et al., 2008). Furthermore, Yi and Lena et al. found that miR-
203 induces cell-cycle exit and represses “stemness” in epidermal progenitors by targeting
p63, an essential regulator of stem-cell maintenance in stratified epithelial tissues (Lena et al.,
2008; Yi et al.,, 2008). We wondered if miR-203 has a similar role in human skin
morphogenesis. In this paper we aimed to investigate the expression of miR-203 and the

interaction between miR-203 and p63, SOCS3 during human skin morphogenesis.
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To this end, in situ hybridization for miR-203 using LNA-modified nucleotide probe was
performed on frozen sections of human fetal skin from 14 weeks, 17 weeks, 20 weeks and 22
weeks of EGA. The expression of p63 and SOCS-3, two conserved targets of miR-203, was
analyzed in corresponding fetal skin sections by ABC-ELITE immunohistochemical staining.
To confirm whether SOCS-3 is the direct miR-203 target, luciferase assay was used. SOCS-3
3’UTR fragment encompassing the putative target site or the mutated fragment was
introduced into a luciferase reporter vector. Luciferase activity was measured 24h after
cotransfection of the luciferase reporter gene and exogenous precursor miR-203 into HelLa

cells.

In situ hybridization revealed that miR-203 expression was first detectable at 17 weeks of
EGA. Both p63 and SOCS-3 were expressed in the epidermis already at 14 weeks. Expression
of miR-203 was most pronounced in the suprabasal layers of the epidermis in both foetal and
adult skin. As one may expect it with miRNA:target pairs, p63 and SOCS-3 as its targets were
preferentially expressed in the basal epidermal layer where miR-203 was absent. When
SOCS-3 3’UTR fragment was cloned into the luciferase reporter vector and cotransfected
with pre-miR-203 into HeLa cells, we observed significant (P<0.05) repression in luciferase
activity compared to those transfected with pre-miR-CON. The repression was alleviated
when the predicted target sites were mutated (P<0.01), suggesting that SOCS-3 is the direct
target of miR-203. In accordance with the role of miR-203 in promoting differentiation and
stratification during skin morphogenesis (Yi ef al., 2008) as well as differentiation of adult
human keratinocytes (Sonkoly et al., 2010), we found that miR-203 was expressed in the
suprabasal epidermal layers in both foetal and adult skin. MiR-203 was first detectable in
human foetal skin at 17 weeks of EGA. During mouse skin development, miR-203 becomes
one of the most abundant epidermal miRNAs from mouse embryonic day 15.5 (Yi et al.,
2008), which equates to approximately 8 weeks’ human gestation (O'Rahilly, 1979). Hence,

human miR-203 appears later during skin development compared to its murine orthologue.

p63 is critical for the development of epidermis and other stratified epithelia, and it acts as a
molecular switch between basal cell with proliferating capacity and suprabasal cells (Candi et
al., 2008; Koster et al., 2004; Mills et al., 1999; Yang et al., 1999). p63 has been shown to be
directly targeted by miR-203 (Lena et al., 2008; Yi et al., 2008). In concordance, we found

that p63 and miR-203 showed mutually exclusive expression pattern within the epidermis
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during human skin development, further supporting a role for miR-203 as a switch between

proliferating basal cells and differentiating suprabasal cells.

Previously, we identified SOCS-3 as another potential target for miR-203 (Sonkoly et al.,
2007). Here, we demonstrate that SOCS-3 is directly targeted by miR-203 and show that
SOCS-3 is expressed in the basal epidermal layer of foetal and adult skin. SOCS-3 is a
negative regulator of STAT3 (Kimura et al., 2004; Mori et al., 2004), a transcription factor
involved in inflammation, skin remodelling and wound healing (Bromberg, 2002; Levy and
Darnell, 2002). MiR-203-mediated suppression represents an additional layer of the complex
regulation of SOCS-3, which may have important implications for keratinocyte functions in

the developing and adult skin.

4.4 Paper |V - miR-203 suppresses NF-kB signaling in human
keratinocytes

4.4.1 miR-203 is involved in the regulation of NF-kB pathway

From paper I, II and III, we proved that there is strong link between miR-203 and keratinocyte
biology. To get further insight into the role of miR-203 in keratinocyte biology, we set out to
explore the signaling pathways regulated by miR-203. To this end, human keratinocytes were
transfected with pre-miR-203 or scramble control (pre-miR-CON) for 72 hours. RT2 Profiler
PCR Array System was used to compare the expression of 84 genes, selected activation

markers of 18 signal transduction pathways, in transfected keratinocytes.

Analysis of results identified 22 genes, which were regulated by overexpression of miR-203.
Interestingly, we found that the miR-203-regulated genes were not randomly distributed
among all pathways represented on the array but genes in NF-kB pathway were markedly
overrepresented among the downregulated genes indicating a pivotal role for miR-203 in the
regulation of this pathway. Out of the 10 down-regulated genes, 7 were targets of the NF-xB
pathway. Among the 14 NF-kB genes represented on the array, 9 were expressed in primary
human keratinocytes. Out of them 7 (IL-8, CCL20, IL-1a, TNF-a, TANK, ICAMI and
PTGS2/COX2) were down-regulated, 2 (NFkB and IKBKB) were unchanged. The high
proportion of NF-kB target genes regulated by miR-203 prompted us to further investigate the

potential involvement of miR-203 in the regulation of NF-kB signal pathway in keratinocytes.

45



NF-kB signal pathway in skin is crucial for morphogenesis and homeostasis. Abnormal NF-
kB activity has been linked to developmental skin defects, inflammatory skin disease, and
skin cancer (Bell et al., 2003; Sur et al., 2008). The NF-kB signal pathway has been
implicated in the pathogenesis of psoriasis (Abdou and Hanout, 2008; Tsuruta, 2009). The
expression of TNF-q, a proinflammatory cytokine playing key roles in psoriasis, is regulated
by NF-kB activation (Pahl, 1999; Pasparakis, 2009). In recent years, anti-TNF antibodies
have been used successfully in the treatment of psoriasis, indicating a crucial role for the NF-
kB/TNF-a pathway in psoriasis (Kircik and Del Rosso, 2009). To date, there is nothing

known about the role of miR-203 in NF- «B signal pathway in keratinocytes.

4.4.2 miR-203 suppresses IL-8 and IL-1a expression in keratinocytes
To validate the array results from the RT2 Profiler PCR Array, we measured the expression of

two miR-203-regulated NF-kB target genes, IL-8 and IL-1a, in human keratinocytes in time-
course experiments. It was previously shown that IL-8 and IL-1a play important roles in skin
inflammation (Hoffmann et al., 2002; Lee et al., 1994). We measured the mRNA and protein
expression of these genes 24, 48, 72 and 96 hours after transfection with pre-miR-203 or pre-
miR-CON by quantitative real-time PCR and ELISA. Overexpression of miR-203
significantly repressed the mRNA expression of IL-8 (P<0.05) and IL-1a (P<0.01) already
24h posttransfection. The suppressive effect of miR-203 overexpression in IL-8 and IL-1a
mRNA expression was sustained through all time points analyzed. Overexpression of miR-
203 significantly repressed IL-8 (P<0.05) and IL-1a (P<0.001) protein expression 48 hours
after transfection. The repression was enhanced at 72 and 96 hours posttransfection,
suggesting that miR-203 may suppress the baseline expression of these NF-kB genes in

keratinocytes.

Under physiological conditions, cultured keratinocytes express IL-8 and IL-1a at a relatively
low level. We wondered whether miR-203 could regulate IL-8 and IL-1a expression also in
TNF-a-stimulated cells. To examine the regulation of miR-203 in IL-8 and IL-loo mRNA
expression after TNF-a stimulation, human keratinocytes were transfected with pre-miR-203
or pre-miR-CON for 24 hours, followed by TNF-o stimulation for 3 and 6 hours. The
expression of IL-8 and IL-1a was examined by quantitative real-time PCR. IL-8 and IL-1a
were induced in TNF-a stimulated keratinocytes (P<0.001). At both 3 and 6 hours post TNF-a

stimulation, the induction of IL-8 and IL-1ao mRNA expression was significantly suppressed
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by miR-203. Next, we set out to investigate the regulation of miR-203 in IL-8 and IL-la
protein expression after TNF-a stimulation. Keratinocytes were transfected with pre-miR-203
or pre-miR-CON for 24 hours, followed by TNF-a stimulation for 6 and 24 hours. ELISA was
used to analyze IL-8 protein expression in culture supernatant. IL-8 protein expression was
increased 3.8 times after 6 hours of TNF-a treatment as compared with the control cells
transfected only with pre-miR-CON. MiR-203 suppressed the induction by 30% (P<0.05). 6
hours after TNF-a treatment, IL-1a protein expression was not increased as compared with
the control cells only transfected with pre-miR-CON. IL-1a protein expression was increased
1.8 times after 24 hours of TNF-a treatment as compared with control cells. MiR-203
suppressed the induction by 27% (P<0.001).

Next, we asked whether the inhibition of miR-203 could rescue the suppressed expression of IL-8
and IL-1a. To answer this question, keratinocytes were transfected with pre-miR-203 or pre-miR-
CON, anti-miR-203 or anti-miR-CON respectively, or cotransfected with two combinations: 1)
pre-miR-203 and anti-miR-203, ii) pre-miR-203 and anti-miR-CON. The transfected cells were
harvested 48 hours after transfection and we performed quantitative real-time PCR and ELISA to
analyse the expression of IL-8 and IL-1a expression. In accordance with our earlier results, IL-8
mRNA (P<0.01) and protein (P<0.001) expression were significantly suppressed by
overexpression of miR-203. By contrast, treatment of cells with anti-miR-203 significantly
(P<0.05) increased IL-8 protein level compared with the scramble control. Next, we aimed to
determine whether pre-treatment of keratinocytes with anti-miR-203 could antagonize the effect
of pre-miR-203. We observed increased IL-8 protein in cells transfected with anti-miR-203 and
pre-miR-203 in comparison with cells transfected with anti-miR-CON and pre-miR-203 (P<0.05).
Hence, inhibition of miR-203 rescued IL-8 protein expression. IL-la protein expression was
suppressed by overexpression of miR-203. However, the de-repression by miR-203 inhibitor was
not observed (data not shown) suggesting that there are differences in the regulation of IL-8 and

IL-1a by miR-203 or in the biogenesis of these proteins.

4.4.3 miR-203 suppresses the nuclear translocation of NF-kB and NF-kB-
dependent promoter activity

NF-kB is a family of transcription factors consisting of five members in mammalian cells:
RELA (also known as p65), REL (also known as c-REL), RELB, p50 and p52, which can
form homodimers or heterodimers, p65/p50 is most abundant dimmer. In resting cells, NF-xB

dimers are normally kept in an inactive state by association with proteins of the inhibitor of
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NF-kB (IkB) family. Following cell stimulation, NF-kB dimers translocate from the
cytoplasm to the nucleus, and it binds to the response elements in the promoter region of NF-

kB target genes. (Bonizzi and Karin, 2004; Sen and Baltimore, 1986b).

To examine whether miR-203 can modulate NF-kB translocation, keratinocytes were
transfected with pre-miR-203 or pre-miR-CON, and 48 hours after transfection, keratinocytes
were exposed to TNF-a for 15 min, 30 min and 45 min or left untreated. We performed
western blotting to detect total p65 protein expression in the nuclear extract from the
transfected cells. Overexpression of miR-203 delayed p65 translocation in comparison to cells
transfected with pre-miR-CON, suggesting that miR-203 interferes with the nuclear

translocation of p65.

To investigate the effect of miR-203 on NF-kB-driven promoter activity, we transfected
keratinocytes with an NF-kB luciferase reporter vector containing NF-kB response elements
together with pre-miR-203 or pre-miR-CON. 24 hours after transfection with the miRNA
mimics, keratinocytes were treated with TNF-o or medium for 5 hours. As expected,
treatment of keratinocytes with TNF-a increased luciferase activity 3.6 times to that of
controls treated with medium only. Overexpression of miR-203 significantly (P < 0.01)
suppressed the TNF-a-induced luciferase activity, suggesting that miR-203 can affect NF-xB

signaling activity by modulating NF-kB-driven promoter luciferase activity.

4.4.4 Potential targets of miR-203 in NF-kB pathway

To further add to the complexity of miRNA-mediated gene regulation, bioinformatics analysis
revealed that several genes of the NF-kB pathway and several target genes of NF-kB are
putative miR-203 targets. Interestingly, IL-8 and IL-l1a are among the predicted miR-203
targets in the NF-kB pathway. To verify whether IL-8 is indeed a direct target gene for miR-
203, we performed luciferase reporter assays. To this end, the entire 3'UTR of IL-8 mRNA
was cloned into a luciferase reporter plasmid and subsequently transfected into HEK293 cells
together with pre-miR-203 or pre-miR-CON. Luciferase activity was analyzed 24 hours after
transfection. Overexpression of miR-203 significantly repressed luciferase activity by 38% as
compared to the scramble control with pre-miR-CON (P<0.01) indicating that IL.-8 is a direct
target of miR-203 for posttranscriptional suppression. The target validation for IL-la is

ongoing.
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Table 1. MiR-203 target genes involved in NF-«B signaling pathway from TargetScanHuman 5.1

gene hame numbers of predicted type of binding sites
binding sites
8 mer 7mer-m8 | 7mer-1A
TLR4 3 2 0 1
MyD88 2 0 1 1
IRAK2 2 0 2 0
NOD2 2 0 1 1
RIPK2 1 0 0 1
IKK2 1 0 1 0
IL-8 2 0 1 1
IL-1a 1 1 0 0
TNFRSF19 1 0 0 1
TNFRSF8 1 0 1 0
TNFRSF9 1 0 1 0

We found that overexpression of miR-203 suppressed IL-8 both at the mRNA and protein
level while the inhibition of miR-203 rescued the suppressed IL-8 in keratinocytes. Moreover,
our results suggest that IL-8 is also a direct target of the miR-203 for posttranscriptional
suppression. IL-8 is a member of the CXC chemokine family and was initially identified as a
neutrophil chemotactic and activating factor (Baggiolini ef al., 1994; Hoffmann et al., 2002).
The IL-8 core promoter contains several binding sites for NF-kB and AP-1 transcript factors
families. Unlike the NF-«B site, the AP-1 site is not essential for induction but is required for
maximal gene expression (Kunsch et al., 1994; Lee et al., 1997). Based on our findings, one
would anticipate the downregulation of IL-8 expression in psoriasis lesion due to the
overexpression of miR-203. However, increased expression of epidermal IL-8 and IL-8
receptor has been shown in psoriasis (Schroder et al., 1992; Schulz et al., 1993). Of note, 1L-8
is produced not only by keratinocytes but also by several types of infiltrating cells in the
inflammatory skin (Koch et al., 1992; Samanta et al., 1990), while, miR-203 is expressed
only in keratinocytes (Sonkoly et al., 2007). Therefore, the production of miR-203 in psoriasis

lesions may not be enough to suppress IL-8 in the tissue.

Similar to IL-8, we found that miR-203 suppresses IL-1a expression both at the mRNA and at
the protein level. IL-1a is one of the most common initiators of keratinocyte activation and
can be produced when keratinocytes respond to injury (Freedberg et al., 2001). IL-1a can act

as both target gene and activator of NF-«xB signaling (Kupper and Groves, 1995; Steude et al.,
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2002). A previous study showed that IL-1a expression was decreased in psoriasis epidermis
(Cooper et al., 1990). Thus upregulation of miR-203 in psoriasis may partially be responsible
for the downregulation of IL-1a expression. Moreover, among the predicted targets of miR-
203 Shown in the table 1, we found IL-1a, MyD88 and IRAK2. Muzio M et al., discovered
that IRAK-2 and MyD88 as the proximal mediators of IL-1 signaling (Muzio et al., 1997). IL-
la, MyD88 and IRAK2 compose an axis to exert their function within NF-xB signaling.
Taken together, miR-203 suppresses the IL-1a induction by directly binding to 3°UTRs of IL-

la axis genes, leading to maximal gene repression.

TNFR
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Figure 12. A proposed model for the involvement of miR-203 in NF-«xB signaling pathway.

4.4.5 Why does overexpression of miR-203 not lead to suppressed NF-
KB activity in psoriasis?
Our results showed that miR-203 suppresses NF-kB activity in primary human keratinocytes

as indicated by 1) the delayed nuclear translocation of p65 upon TNF-a-treatment; 2) the
suppressed NF-kB-driven promoter luciferase activity; 3) the suppressed expression of NF-
kB target genes in keratinocytes overexpressing miR-203. NF-«kB is crucial for

morphogenesis and homeostasis in the skin (Pasparakis, 2009). Surprisingly, both the
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constitutive activation and the inhibition of NF-kB signalling leads to skin inflammation
(Klement et al., 1996; Omori et al., 2006; Pasparakis et al., 2002; Sur et al., 2008),
illustrating how complex effects this pathway have on skin homeostasis. NF-xB signaling is
known to be activated in psoriasis lesion as many of its targets have an increased level in the
inflamed skin (Abdou and Hanout, 2008; Tsuruta, 2009). Our result suggested that miR-203
overexpression in psoriasis may serve as a negative feedback that aims to suppress NF-xB
activation. Of note, psoriasis is a chronically relapsing disease, with spontaneous remissions
and exacerbations during the whole life (Krueger and Bowcock, 2005). Suppression of NF-kB
signaling by miR-203 may have a role in spontaneous remissions. This hypothesis would
predict that the level of miR-203 varies with the phases of psoriasis with highest level before

the beginning of the remission phase.

SNPs in miRNAs and in miRNA binding sites are commonly found to be associated with
diseases (Mishra et al., 2008; Nicoloso et al). Epidemiological and family studies have
clearly demonstrated a strong genetic component to the risk to psoriasis ((Duffin et al., 2009;
Lee et al., 2008; Li et al., 2009; Zhang et al., 2007). It is conceivable that SNPs in the miR-
203 binding sites of some of its target genes diminish or prevent miR-203 effects (i.e. the
suppression of inflammation) in psoriatic individuals. This hypothesis predicts that miR-203
may have different effect on keratinocytes obtained from psoriasis individuals and those from

healthy donors.
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5 CONCLUDING REMARKS

e We show for the first time that psoriasis-affected skin has a specific microRNA
expression profile when compared with healthy human skin or with another chronic
inflammatory skin disease, atopic eczema. Among the psoriasis-specific microRNAs,
we identified one keratinocyte-derived and skin-specific microRNA, miR-203. The
up-regulation of miR-203 in psoriatic plaques was concurrent with the down-
regulation of an evolutionary conserved target of miR-203, SOCS-3, which is involved
in inflammatory responses and keratinocyte functions. Our results suggest that
microRNA deregulation is involved in the pathogenesis of psoriasis and contributes to
the dysfunction of the cross talk between resident and infiltrating cells. Taken together,
a new layer of regulatory mechanisms is involved in the pathogenesis of chronic

inflammatory skin diseases.

e Out of 365 miRNAs tested, miR-203 is the most upregulated miRNA during
keratinocyte differentiation. Differentiation-induced upregulation of miR-203
expression was blocked by treatment with specific inhibitors of protein kinase C
(PKC), GF109203X, and Ro31-8220. Moreover, our results showed that the activator
protein-1 (AP-1) proteins c-Jun and JunB regulate miR-203 expression in
keratinocytes. In contrast to inducers of keratinocyte differentiation, epidermal growth
factor and keratinocyte growth factor suppressed miR-203 expression in keratinocytes
below the basal level. Overexpression of miR-203 in keratinocytes resulted in
enhanced differentiation, whereas inhibition of miR-203 suppressed calcium-induced
terminal differentiation as judged by involucrin expression. These results suggest that
upregulation of miR-203 in human keratinocytes is required for their differentiation

and is dependent on the activation of the PKC/AP-1 pathway.

e During human skin morphogenesis, miR-203 is barely detectable at 14 weeks. Its
expression became prominent from week 17 and was most pronounced in the
suprabasal layers of the epidermis. The direct targets of miR-203, p63 and SOCS-3,
were preferentially expressed in the basal layer. Differentiation markers such as
involucrin and filaggrin were expressed mainly in the suprabasal layers of epidermis,

similar to miR-203. Our results suggest miR-203 is involved in the regulation of
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human foetal skin development and provide a basis for further studies to investigate

the role of miR-203 in this process.

e Overexpression of miR-203 in human primary keratinocytes suppressed NF-«kB
activity as indicated by the expression of 8 NF-kB target genes. MiR-203 suppressed
IL-8 and IL-1a, two well-known downstream genes in NF-kB pathway, both at the
mRNA and protein level. Inhibition of either endogenous or extraneous miR-203
rescued suppressed IL-8 protein expression. Moreover, we found that overexpression
of miR-203 prevented the nuclear translocation of p65 and repressed NF-kB-driven
promoter luciferase activity. Taken together, our finding showed the modulation of
NF-kB by miR-203 in human keratinocytes, suggesting a potential role for miR-203 in

keeping skin homeostasis and controlling inflammation.

In conclusion, our data in the thesis suggest the potential involvement of microRNAs in skin
biology and psoriasis. Since miRNAs exert their regulatory function for cellular processes
through the regulation of several proteins, miRNA-based therapies may be more effective
than drugs targeting single protein. The disease-specific miRNAs identified in our study
represent the potential therapeutic targets in the treatment of chronic skin inflammation. The
focus of this thesis is miR-203. Our data showed that miR-203 plays a role as ‘safety guard’
in the skin by regulating inflammation-, differentiation-, proliferation- and morphogenesis-
associated processes. In the future, introducing miR-203 mimic in the diseased tissue could

achieve favourable therapeutic responses in the treatment of psoriasis.

53



6 ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to all the colleagues and friends who have helped,
inspirited and supported me during my Ph.D study and while living in Stockholm and
Uppsala. Thank you all for making my life so colourful and meaningful. Forgive me if I

forgot to mention someone. Especially, I would like to thank:

Dr. Andor Pivarcsi + Enik6 Pivarcsi Sonkoly, my main supervisor, the best high effective
dream couple team I have ever seen, for giving me the opportunity to be your first Ph.D
student, bringing me into the interesting and potential microRNA field, your sharing of
scientific thinking and enthusiasm, giving me freedom to think and act in the projects, passing
me your excellent presentation skill, sharing your parenting experiences in Sweden, making
me a good foundation to be a well-prepared mommy if I will stay in Sweden. I am sure you

will become one of the best research team in microRNAs field in skin.

Professor Mona Stahle, my co-supervisor, for giving me the opportunity to work in
molecular dermatology lab, for being a great example of an intelligent/elegant career woman,
for all the support and encouragement during the years, for sharing your excellent scientific

vision and optimism.

Hans Torma, my supervisor in Uppsala, my scientific father, for guiding me into the
infinitely scientific research, for being an extraordinary model of a real scientist, for showing
me the joy and excitement from doing research, for inspiring me from a ‘research-illiteracy’

to a scientist.

Cecilia S0derberg Naucler, my external mentor, for taking your precious time to talk with

me regarding the future and life, for inspiring me of how to be a researcher.

Ning Xu and Florian Meisgen, my microRNA team mates, for providing lovely and cosy
atmosphere in the lab, for all the nice discussion and suggestions when I had problems in the
projects, for being my sincere friends. Ning, it is great to have you join our microRNA team. I
admire your enthusiasm and desire to find answers for scientific puzzles, your clear and logic
thinking. I wish you all the best in your future scientific career. Also I wish you and David

will be a happy couple for life time©. Florian, sorry for spelling your name as ‘Florien’ for

54



long time after you joined our team, it has been great fun to have you in the same writing
room and to hang out together. I admire you that you can successfully act as a talent
researcher while being a romantic and caring boy friend. Wish you and Sabrina can form

another scientific dream couple team after Andor and Eniké. You two have the potential©.

Clara Ibel Chamorro Jimenez, my best lab/writing room mate and my best friend, the
sunshine in the lab, the Latino angel. Thank you for always being there, for sharing
experimental experiences, for sharing all my gossips, for the heart-link, for influencing me
with your optimism, for forgiving my rudeness sometimes, for being the great example of a
lovely mommy. Wish you and your lovely family Adnan, Alma, Malik and the little girl under

construction in your belly all the best©.

Anna-Lena Kastman, the best and the most talent lab manager and technician, the genius for
everything®©. Thank you for reminding me and all the lab mates of wearing lab clothes while
doing experiments in the lab, for reminding us of how dangerous the chemicals are, for
teaching us how to handle the hazardous chemicals properly. Without you, I won’t be able to
survive to defend my thesis©. Also thank you for keeping an eye on my thesis writing and
motivating me to write according to the schedule. Without you, I won’t be able to have my

thesis ready for the defence.

Gunilla Ekstrand, our helpful, lovely and retentive secretary. Thank you for taking good

care of all the finance for us, for keeping us away from the bureaucracy®©.

Husameldin EI-Nour, my lab/writing room mate, my sincere friend. Thank you for being so
nice/generous to me and trusting me, for cultivating my poor political ambitions, for sharing
all the funny emails from your friends, for all the dinner and movie treats, for all the gifts
from Oman and Sudan, for showing me all the nice photos from your home land. I wish I can
have chance to visit you when you become the professor in Dermatology department in

Oman®.

Liv Eidsmo, thank you for sharing your scientific and life experiences, for the suggestions
when I had problems in the projects, for being so positive and outgoing, for being a helpful
pioneer, for being a great model of a multiple roles woman: successful researcher plus loving

mommy and wife®©.

55



And the rest of people and friends in molecular dermatology group and Lipopeptide of the
past and present: Alvar Gronberg, for being such a nice gentleman and for the nice
discussion in the lab meeting; Beni Amatya, for being a caring friend and for the fantastic
tour in Japan; Britta Radeloff and Angela Garcia, for being the sincere friends, for sharing
the gossips and for all the coffee and late lunch invitations. Christine Dietrich, for the nice
suggestions when I have problems in my projects, for sharing the stories from vacations and
weekends; Fabio Sanchez and Gulinther Weber, for sharing your philosophy, your view of
science and for being the good example of the wonderful researchers, for ; Josefin Lysell, for
being a sweet and outgoing lab mate and for all the smiles during the days; Klas Nordlind,
for giving me the opportunity to be in the courses you organized and for being such a low
profile and humble professor; Louise Grip, for bringing us the laugh and being a gorgeous
angel and for the nice dinner invitation; Ingrid Eisenstein, Johan Heilborn, Kazuko
Sakuraba, Kerstin Bergh, Lina Carlén, Lotus Mallbris, Louise Zettergren, Pernilla
Nikamo, Maria Wikén, Stanley Sing Hoi Cheuk, thank you all for forming the creative
Molecular Dermatology group®©.

And the colleagues in dermatology group in Uppsala: Berit, Chris, Elizabeth, Eva, Inger,
Sofi and Hao, thank you for being so nice to me when I was in Uppsala, ‘you are my angels’

(quote from Chris)®©.

My lovely writing room mates of the present and past: Tatjana Adamovic, thank you for
being so cheerful, helpfully and funny, for motivating/pushing/demonstrating us to be
efficient scientists with your American style (eating lunch while working). Seriously, I started
to feel a bit ashamed of myself to have lunch in the lunch room after knowing you®. Said
Zeial, the surgeon who tries to reconstruct penis with cells, thank you for making me feel that
I am a hard working scientist (I am no longer the last one who comes to the writing room
every morning after you started to work in the lab), for providing opportunities for all the
writing roommates to train the expression and abdominal muscle because of all the jokes you
make®. Anna Svenningsson, thank you for all the smiles and be a beautiful/trendy angel.
Ellen Markljung, thank you for sharing your experiences as pre-Ph.D and for all the useful
suggestions©. Simone Picelli, my sincere friend, the greatest chef and Baker, being spoiled
by your excellent free cake trails every week, I lost all my appetite for the cakes after you left,
on the other hand, thanks god that my risk of getting diabetes is significantly reduced®©.

Thank you for sharing all the gossips, for always being there, for all the cooking classes®©.

56



Looking forward for your return to Stockholm. Michela Barbaro, thank you for being so
cheerful and helpful, for bringing us the Italian laughs. Susanna Von Holst, thank you for
sharing the funny stories from the weekends and holidays©. Thank you all for passing the

inspirations during my thesis writing.

Others in CMM floor 02 of present and past: Louisa Cheung, thank you for making me more
confident for my accented Mandarin®, for sharing (>3, for the very very yummy HongKong
dinner invitation, for giving me opportunity to know your lovely mama and papa, for being a
nice pendaltdg company. Petra Wessendorf, thank you for always being there, for sharing all
the secrets, for being so positive, for the invitation to your home town and the nice time with
your family. Soon you will also be a Doctor. I forgive you that you can’t come to my defence.
But don’t forget to tell me about your dissertation®. Jia Cao, thank you for being so
optimistic, outgoing and helpful©. Feng Qin, thank you for being a nice and humble pioneer,
for sharing your experiences about how to survive in Sweden, for the nice dinner in your
home. Therese olsson and Valentina Paloschi, thank you for showing me how to use ABI
PRISMR 7000 Sequence Detection Systems, for inviting me out as well as lots of house
parties, for enriching my life outside the lab. It has been fun to hang out with you. Shohreh
Maleki, thank you for sharing your view of Science and politics, for the nice and honest
suggestions for my thesis writing, for the nice/yummy Iranian dinner. Petra Thulin, sorry
that I can’t make it to your defence. Because I will be in my defence at the same time and the
same day®©. Thank you for all the beautiful smiles and sharing the experiences for how to
overcome the bureaucracy. Olivera Werngren, Katja Krapivner, Joanna Chmielewska,
Anna Brehmer and Anna Aminoff, thank you for being the nice companies during the
lunch(s) and fika(s).

Colleagues from other floors in CMM present and past: Fahad, so amazed that how well you
can trim your beard and how much you attach to your family, so much fun to attend the
dissertation parties ‘toasted’ by you, I am looking forward that you can make something fun
in my party as well©. Stefano Caramuta, my dissertation party pal who can match my
extraordinary and far-fetched eating and drink capacity, thank you for distracting some
attentions from the ‘amazed’ attendants in the parties®©. Jin Hu, thank you for all the
badminton matches, for the generous eliquots of antibodies, for the nice/yummy home dinner,

for introducing me to your %% 2 wife and lovely son. Ming Yu, thank you for all the caring

57



chatting and being a helpful pioneer. Ming Lu, thank you for being a nice company during
the bus rides from Kungshamra to KI. Anne, the amazing dancer, thank you for the great fun
dissertation party, for showing me how to pursuit dreams. Leonid Padyokov, thank you for
the guide for my future, for sharing your scientific experiences/philosophy and for all the
badminton matches. Rona Strawbridge, Sarah-Jayne Reilly and Maria Sabater Lleal,
thank you for the uncountable fun discussion in the lunch room, pub and house parties. My
parents were very appreciated all your suggestions for how to preserve bananas©. Sabrina
GOrgen, thank you for your sweet smiles, for sharing gossips, for all the fun parties, for
demonstrating how to train an obedient boyfriend®©. Gustavo Nader, thank you for sharing
your science experiences and the lunch invitations. Tina and Jay, thank you for the fun
badminton matches. Anna-Maria, the ‘bad girl’ is going to get Dr., I guess you will be the
next one soon©. Weng-onn Lui, thank you for the useful information about how to look for
funds, for being a generous friend, for all the badminton games. Yin-Choy, thank you for
being a wonderful gege and a generous friend. Selim, thank you for the technical support for
real-time PCR. Anestis, Santi, Lulu, Hulda, Nahda, Mattias, thank you for all the nice
hangout(s)©.

People outside CMM in KI: Peter Zaphiropoulos, Takashi, Jakob, Julius Juarez,
Lidija Bosnjak, Salah and Emil Renberg, thank you for sharing your scientific experiences.

Special gratitude to Salah, for inspiring me for the greatness such as putting smiley in the

ACKNOWLEDGEMENT®.

My Chinese friends in Science: Sun Ying, He Liqun, Tong, Hui yuan, Xiao peng, Feng
Xiaoli, Hu Xiaoli, Linquan and Tuo Jiang, thank you for all the helps and sharing of

experiences, for the nice dinner invitations.

Friends outside Science: Brandon Hurrie, Brendan Ivey, Daniel Figueiredo, Elena Gabets,
Erika Huang, Lei Huang, Liang Zhang, Lin Cao, Mari Mannik, Phil Cheong, Tuo Jiang,
Stefano Sorrentino, Stefan Gavelin, thank you all for making my life outside the lab so
colorful and fun®©. Special gratitude to Lei, for putting so much effort for my dissertation

party®©.

Yudi and Marie, my placebo parents©, thank you for taking care of me, for the uncountable

lunch(s) and dinner(s) I have had in your home, for all the brain activity (password,

58



puzzles...), for the hospitality when I and Lasse visited you in Ireland®, for the hard
badminton training, for the guitar lessons.
For my parents and sister in China, thank you for the unconditional love, for letting me

pursue my dreams, for always being there to support me.

U S22 F LR Z S, L)L ESRINER. ©

Per, Kirsten and Emilie, thank you for the fantastic African vacation, for letting me feel that
I also have a home in Europe®©. Sorry for being delay for learning Danish. I promise that I

will not only be able to sing Kim Larsen’s Flyvere i Natten in 2011.

Lasse, my love, seems that I have been expecting too much from you. Since I knew the time
for my dissertation in October, I have demanded you to 1) make a paining for my thesis
FrontPage; 2) organize my dissertation party; 3) do my thesis prove-reading...... something I
can’t even remember®. I know stress can be the trigger for developing psoriasis. But I didn’t
know stress can cause temporary memory loss until you came to me one day to ask what my
name was (100% true story, Said and Tatjana can be the witnesses). I am s0000000 sorry
that I have been careless and putting so much pressure to you in the past few month. But I am
really amazed that you have successfully/excellently completed all the tasks: drew the
splendid FrontPage; did three times proof-reading for my thesis; organized/ing my
dissertation party...... Thank you for being so caring®©. Che Guevara, thank you for letting
me know that life is so fragile, for making me be more appreciated and cherish what I have

now. Civilization 5, thank you for entertaining Lasse while I am busy with writing thesis©.

59



7 REFERENCES

Abdou AG, Hanout HM (2008) Evaluation of survivin and NF-kappaB in psoriasis, an
immunohistochemical study. J Cutan Pathol 35:445-451.

Akiyama M, Smith LT, Shimizu H (2000) Expression of transglutaminase activity in
developing human epidermis. Br J Dermatol 142:223-225.

Akiyama M, Smith LT, Yoneda K, Holbrook KA, Hohl D, Shimizu H (1999) Periderm cells
form cornified cell envelope in their regression process during human epidermal development.
J Invest Dermatol 112:903-909.

Altuvia Y, Landgraf P, Lithwick G, Elefant N, Pfeffer S, Aravin A, ef al. (2005) Clustering
and conservation patterns of human microRNAs. Nucleic Acids Res 33:2697-2706.

Ambros V (2003) MicroRNA pathways in flies and worms: growth, death, fat, stress, and
timing. Cell 113:673-676.

Ambros V, Bartel B, Bartel DP, Burge CB, Carrington JC, Chen X, ef al. (2003) A uniform
system for microRNA annotation. RNA 9:277-279.

Aravin AA, Lagos-Quintana M, Yalcin A, Zavolan M, Marks D, Snyder B, ef al. (2003) The
small RNA profile during Drosophila melanogaster development. Dev Cell 5:337-350.

Asadullah K, Docke WD, Volk HD, Sterry W (1999) The pathophysiological role of
cytokines in psoriasis. Drugs Today (Barc) 35:913-924.

Asadullah K, Sterry W, Stephanek K, Jasulaitis D, Leupold M, Audring H, et al. (1998) IL-10
is a key cytokine in psoriasis. Proof of principle by IL-10 therapy: a new therapeutic approach.
J Clin Invest 101:783-794.

Baggiolini M, Moser B, Clark-Lewis I (1994) Interleukin-8 and related chemotactic cytokines.
The Giles Filley Lecture. Chest 105:95S-98S.

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cel// 116:281-
297.

Basset-Seguin N, Escot C, Moles JP, Blanchard JM, Kerai C, Guilhou JJ (1991) C-fos and c-
jun proto-oncogene expression is decreased in psoriasis: an in situ quantitative analysis. J
Invest Dermatol 97:672-678.

Bell S, Degitz K, Quirling M, Jilg N, Page S, Brand K (2003) Involvement of NF-kappaB
signalling in skin physiology and disease. Cell Signal 15:1-7.

Berezikov E, Chung WJ, Willis J, Cuppen E, Lai EC (2007) Mammalian mirtron genes. Mol
Cell 28:328-336.

Bernard BA, Asselineau D, Schaffar-Deshayes L, Darmon MY (1988) Abnormal sequence of

expression of differentiation markers in psoriatic epidermis: inversion of two steps in the
differentiation program? J Invest Dermatol 90:801-805.

60



Bernard BA, Robinson SM, Vandaele S, Mansbridge JN, Darmon M (1985) Abnormal
maturation pathway of keratinocytes in psoriatic skin. Br J Dermatol 112:647-653.

Bernstein E, Caudy AA, Hammond SM, Hannon GJ (2001) Role for a bidentate ribonuclease
in the initiation step of RNA interference. Nature 409:363-366.

Blessing M, Schirmacher P, Kaiser S (1996) Overexpression of bone morphogenetic protein-6
(BMP-6) in the epidermis of transgenic mice: inhibition or stimulation of proliferation
depending on the pattern of transgene expression and formation of psoriatic lesions. J Cell
Biol 135:227-2309.

Bonizzi G, Karin M (2004) The two NF-kappaB activation pathways and their role in innate
and adaptive immunity. Trends Immunol 25:280-288.

Braverman IM, Yen A (1974) Microcirculation in psoriatic skin. J Invest Dermatol 62:493-
502.

Breathnach AS, Wyllie LM (1965) Fine structure of cells forming the surface layer of the
epidermis in human fetuses at fourteen and twelve weeks. J Invest Dermatol 45:179-189.

Brennecke J, Stark A, Russell RB, Cohen SM (2005) Principles of microRNA-target
recognition. PLoS Biol 3:e85.

Bromberg J (2002) Stat proteins and oncogenesis. J Clin Invest 109:1139-1142.

Bueno MJ, Perez de Castro I, Gomez de Cedron M, Santos J, Calin GA, Cigudosa JC, et al.
(2008) Genetic and epigenetic silencing of microRNA-203 enhances ABL1 and BCR-ABL1
oncogene expression. Cancer Cell 13:496-506.

Cai X, Hagedorn CH, Cullen BR (2004) Human microRNAs are processed from capped,
polyadenylated transcripts that can also function as mRNAs. RNA 10:1957-1966.

Candi E, Cipollone R, Rivetti di Val Cervo P, Gonfloni S, Melino G, Knight R (2008) p63 in
epithelial development. Cell Mol Life Sci 65:3126-3133.

Candi E, Schmidt R, Melino G (2005) The cornified envelope: a model of cell death in the
skin. Nat Rev Mol Cell Biol 6:328-340.

Chen JD, Kim JP, Zhang K, Sarret Y, Wynn KC, Kramer RH, et al. (1993) Epidermal growth
factor (EGF) promotes human keratinocyte locomotion on collagen by increasing the alpha 2
integrin subunit. Exp Cell Res 209:216-223.

Cooper KD, Hammerberg C, Baadsgaard O, Elder JT, Chan LS, Sauder DN, ef al. (1990) IL-
1 activity is reduced in psoriatic skin. Decreased IL-1 alpha and increased nonfunctional IL-1

beta. J Immunol 144:4593-4603.

Cotsarelis G (2006) Epithelial stem cells: a folliculocentric view. J Invest Dermatol 126:1459-
1468.

61



Croker BA, Krebs DL, Zhang JG, Wormald S, Willson TA, Stanley EG, et al. (2003) SOCS3
negatively regulates IL-6 signaling in vivo. Nat Immunol 4:540-545.

Cuenda A, Alessi DR (2000) Use of kinase inhibitors to dissect signaling pathways. Methods
Mol Biol 99:161-175.

Dale BA, Resing KA, Lonsdale-Eccles JD (1985) Filaggrin: a keratin filament associated
protein. Ann N Y Acad Sci 455:330-342.

Dimon-Gadal S, Gerbaud P, Therond P, Guibourdenche J, Anderson WB, Evain-Brion D, et
al. (2000) Increased oxidative damage to fibroblasts in skin with and without lesions in
psoriasis. J Invest Dermatol 114:984-989.

Dimon-Gadal S, Raynaud F, Evain-Brion D, Keryer G (1998) MAP kinase abnormalities in
hyperproliferative cultured fibroblasts from psoriatic skin. J Invest Dermatol 110:872-879.

Dlugosz AA, Yuspa SH (1993) Coordinate changes in gene expression which mark the
spinous to granular cell transition in epidermis are regulated by protein kinase C. J Cell Biol
120:217-225.

Doench JG, Petersen CP, Sharp PA (2003) siRNAs can function as miRNAs. Genes Dev
17:438-442.

Doench JG, Sharp PA (2004) Specificity of microRNA target selection in translational
repression. Genes Dev 18:504-511.

Duffin KC, Freeny IC, Schrodi SJ, Wong B, Feng BJ, Soltani-Arabshahi R, et al. (2009)
Association between IL13 polymorphisms and psoriatic arthritis is modified by smoking. J
Invest Dermatol 129:2777-2783.

Duncan JI, Horrocks C, Ormerod AD, Powles AV, Whiting PH, Fry L, ef al. (1991) Soluble
IL-2 receptor and CD25 cells in psoriasis: effects of cyclosporin A and PUVA therapy. Clin
Exp Immunol 85:293-296.

Eckert RL, Rorke EA (1989) Molecular biology of keratinocyte differentiation. Environ
Health Perspect 80:109-116.

Eckert RL, Yaffe MB, Crish JF, Murthy S, Rorke EA, Welter JF (1993) Involucrin--structure
and role in envelope assembly. J Invest Dermatol 100:613-617.

Ekelund E, Saaf A, Tengvall-Linder M, Melen E, Link J, Barker J, et al. (2006) Elevated
expression and genetic association links the SOCS3 gene to atopic dermatitis. Am J Hum
Genet 78:1060-1065.

Ettehadi P, Greaves MW, Wallach D, Aderka D, Camp RD (1994) Elevated tumour necrosis
factor-alpha (TNF-alpha) biological activity in psoriatic skin lesions. Clin Exp Immunol
96:146-151.

Farber EM, Nall L (1992) Nail psoriasis. Cutis 50:174-178.

62



Fischer M, Harvima IT, Carvalho RF, Moller C, Naukkarinen A, Enblad G, et al. (2006) Mast
cell CD30 ligand is upregulated in cutaneous inflammation and mediates degranulation-
independent chemokine secretion. J Clin Invest 116:2748-2756.

Fitch E, Harper E, Skorcheva I, Kurtz SE, Blauvelt A (2007) Pathophysiology of psoriasis:
recent advances on IL-23 and Th17 cytokines. Curr Rheumatol Rep 9:461-467.

Freedberg IM, Tomic-Canic M, Komine M, Blumenberg M (2001) Keratins and the
keratinocyte activation cycle. J Invest Dermatol 116:633-640.

Gerritsen MJ, Elbers ME, de Jong EM, van de Kerkhof PC (1997) Recruitment of cycling
epidermal cells and expression of filaggrin, involucrin and tenascin in the margin of the active

psoriatic plaque, in the uninvolved skin of psoriatic patients and in the normal healthy skin. J
Dermatol Sci 14:179-188.

Giraldez AJ, Cinalli RM, Glasner ME, Enright AJ, Thomson JM, Baskerville S, et al. (2005)
MicroRNAs regulate brain morphogenesis in zebrafish. Science 308:833-838.

Gniadecki R (1998) Regulation of keratinocyte proliferation. Gen Pharmacol 30:619-622.
Goldsmith LA (1990) My organ is bigger than your organ. Arch Dermatol 126:301-302.
Goren I, Linke A, Muller E, Pfeilschifter J, Frank S (2006) The suppressor of cytokine

signaling-3 is upregulated in impaired skin repair: implications for keratinocyte proliferation.
J Invest Dermatol 126:477-485.

Green H (1980) The keratinocyte as differentiated cell type. Harvey Lect 74:101-139.

Green H, Fuchs E, Watt F (1982) Differentiated structural components of the keratinocyte.
Cold Spring Harb Symp Quant Biol 46 Pt 1:293-301.

Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, et al. (2008) The miR-
200 family and miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and
SIP1. Nat Cell Biol 10:593-601.

Gregory RI, Chendrimada TP, Cooch N, Shiekhattar R (2005) Human RISC couples
microRNA biogenesis and posttranscriptional gene silencing. Cell 123:631-640.

Griffiths CE, Barker JN (2007) Pathogenesis and clinical features of psoriasis. Lancet
370:263-271.

Griffiths CEM CR, Barker INWN Rook'’s textbook of dermatology, 7 edn, vol. 35. Blackwell:
Oxford, 2005, 1-69pp.

Grimson A, Farh KK, Johnston WK, Garrett-Engele P, Lim LP, Bartel DP (2007) MicroRNA
targeting specificity in mammals: determinants beyond seed pairing. Mol Cell 27:91-105.

Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, Ha I, et al. (2001) Genes and

mechanisms related to RNA interference regulate expression of the small temporal RNAs that
control C. elegans developmental timing. Cell 106:23-34.

63



Grossman RM, Krueger J, Yourish D, Granelli-Piperno A, Murphy DP, May LT, et al. (1989)
Interleukin 6 is expressed in high levels in psoriatic skin and stimulates proliferation of
cultured human keratinocytes. Proc Natl Acad Sci U S A 86:6367-6371.

Hammond SM, Boettcher S, Caudy AA, Kobayashi R, Hannon GJ (2001) Argonaute2, a link
between genetic and biochemical analyses of RNAi. Science 293:1146-1150.

Helliwell PS, Taylor WJ (2005) Classification and diagnostic criteria for psoriatic arthritis.
Ann Rheum Dis 64 Suppl 2:113-8.

Hildebrand J, Rutze M, Walz N, Gallinat S, Wenck H, Deppert W, et al. A comprehensive
analysis of microRNA expression during human keratinocyte differentiation in vitro and in
vivo. J Invest Dermatol 131:20-29.

Hoffmann E, Dittrich-Breiholz O, Holtmann H, Kracht M (2002) Multiple control of
interleukin-8 gene expression. J Leukoc Biol 72:847-855.

Holbrook KA, Odland GF (1975) The fine structure of developing human epidermis: light,
scanning, and transmission electron microscopy of the periderm. J Invest Dermatol 65:16-38.

Holbrook KA, Odland GF (1980) Regional development of the human epidermis in the first
trimester embryo and the second trimester fetus (ages related to the timing of amniocentesis
and fetal biopsy). J Invest Dermatol 74:161-168.

Homey B, Wang W, Soto H, Buchanan ME, Wiesenborn A, Catron D, et al. (2000) Cutting
edge: the orphan chemokine receptor G protein-coupled receptor-2 (GPR-2, CCR10) binds
the skin-associated chemokine CCL27 (CTACK/ALP/ILC). J Immunol 164:3465-3470.

Hutvagner G, McLachlan J, Pasquinelli AE, Balint E, Tuschl T, Zamore PD (2001) A cellular
function for the RNA-interference enzyme Dicer in the maturation of the let-7 small temporal
RNA. Science 293:834-838.

Hutvagner G, Zamore PD (2002) A microRNA in a multiple-turnover RNAi enzyme complex.
Science 297:2056-2060.

Ikebe D, Wang B, Suzuki H, Kato M (2007) Suppression of keratinocyte stratification by a
dominant negative JunB mutant without blocking cell proliferation. Genes Cells 12:197-207.

Ishida-Yamamoto A, lizuka H (1995) Differences in involucrin immunolabeling within
cornified cell envelopes in normal and psoriatic epidermis. J Invest Dermatol 104:391-395.

Jiaravuthisan MM, Sasseville D, Vender RB, Murphy F, Muhn CY (2007) Psoriasis of the
nail: anatomy, pathology, clinical presentation, and a review of the literature on therapy. J Am
Acad Dermatol 57:1-27.

Kastelein RA, Hunter CA, Cua DJ (2007) Discovery and biology of IL-23 and IL-27: related
but functionally distinct regulators of inflammation. Annu Rev Immunol 25:221-242.

64



Kaur P (2006) Interfollicular epidermal stem cells: identification, challenges, potential. J
Invest Dermatol 126:1450-1458.

Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon GJ, Plasterk RH (2001) Dicer functions
in RNA interference and in synthesis of small RNA involved in developmental timing in C.
elegans. Genes Dev 15:2654-2659.

Khvorova A, Reynolds A, Jayasena SD (2003) Functional siRNAs and miRNAs exhibit
strand bias. Cell 115:209-216.

Kim J MR Innate Immunity and the skin, vol. 1. Fitzpatrick’s Dermatology in General
Medicine: New York, 2003, 247-252pp.

Kim VN (2005) MicroRNA biogenesis: coordinated cropping and dicing. Nat Rev Mol Cell
Biol 6:376-385.

Kimura A, Kinjyo I, Matsumura Y, Mori H, Mashima R, Harada M, et al. (2004) SOCS3 is a
physiological negative regulator for granulopoiesis and granulocyte colony-stimulating factor
receptor signaling. J Biol Chem 279:6905-6910.

Kircik LH, Del Rosso JQ (2009) Anti-TNF agents for the treatment of psoriasis. J Drugs
Dermatol 8:546-559.

Klement JF, Rice NR, Car BD, Abbondanzo SJ, Powers GD, Bhatt PH, et al. (1996)
IkappaBalpha deficiency results in a sustained NF-kappaB response and severe widespread
dermatitis in mice. Mol Cell Biol 16:2341-2349.

Kloosterman WP, Wienholds E, de Bruijn E, Kauppinen S, Plasterk RH (2006) In situ
detection of miRNAs in animal embryos using LNA-modified oligonucleotide probes. Nat
Methods 3:27-29.

Knight SW, Bass BL (2001) A role for the RNase III enzyme DCR-1 in RNA interference and
germ line development in Caenorhabditis elegans. Science 293:2269-2271.

Koch AE, Polverini PJ, Kunkel SL, Harlow LA, DiPietro LA, Elner VM, et al. (1992)
Interleukin-8 as a macrophage-derived mediator of angiogenesis. Science 258:1798-1801.

Koster MI, Kim S, Mills AA, DeMayo FJ, Roop DR (2004) p63 is the molecular switch for
initiation of an epithelial stratification program. Genes Dev 18:126-131.

Krek A, Grun D, Poy MN, Wolf R, Rosenberg L, Epstein EJ, et al. (2005) Combinatorial
microRNA target predictions. Nat Genet 37:495-500.

Krueger JG, Bowcock A (2005) Psoriasis pathophysiology: current concepts of pathogenesis.
Ann Rheum Dis 64 Suppl 2:1130-36.

Krutzfeldt J, Poy MN, Stoffel M (2006) Strategies to determine the biological function of
microRNAs. Nat Genet 38 Suppl:S14-19.

65



Kunsch C, Lang RK, Rosen CA, Shannon MF (1994) Synergistic transcriptional activation of
the IL-8 gene by NF-kappa B p65 (RelA) and NF-IL-6. J Immunol 153:153-164.

Kupper TS, Groves RW (1995) The interleukin-1 axis and cutaneous inflammation. J Invest
Dermatol 105:625-66S.

Lagos-Quintana M, Rauhut R, Lendeckel W, Tuschl T (2001) Identification of novel genes
coding for small expressed RNAs. Science 294:853-858.

Lai EC, Tomancak P, Williams RW, Rubin GM (2003) Computational identification of
Drosophila microRNA genes. Genome Biol 4:R42.

Lane EB, McLean WH (2004) Keratins and skin disorders. J Pathol 204:355-366.

Lau NC, Lim LP, Weinstein EG, Bartel DP (2001) An abundant class of tiny RNAs with
probable regulatory roles in Caenorhabditis elegans. Science 294:858-862.

Lee E, Trepicchio WL, Oestreicher JL, Pittman D, Wang F, Chamian F, et al. (2004a)
Increased expression of interleukin 23 p19 and p40 in lesional skin of patients with psoriasis
vulgaris. J Exp Med 199:125-130.

Lee JH, Cho EY, Namkung JH, Kim E, Kim S, Shin ES, ef al. (2008) Single-nucleotide
polymorphisms and haplotypes in the VEGF receptor 3 gene and the haplotype GC in the
VEGFA gene are associated with psoriasis in Koreans. J Invest Dermatol 128:1599-1603.

Lee LF, Haskill JS, Mukaida N, Matsushima K, Ting JP (1997) Identification of tumor-
specific paclitaxel (Taxol)-responsive regulatory elements in the interleukin-8 promoter. Mol
Cell Biol 17:5097-5105.

Lee RC, Ambros V (2001) An extensive class of small RNAs in Caenorhabditis elegans.
Science 294:862-864.

Lee RC, Feinbaum RL, Ambros V (1993) The C. elegans heterochronic gene lin-4 encodes
small RNAs with antisense complementarity to lin-14. Cell 75:843-854.

Lee WY, Lockniskar MF, Fischer SM (1994) Interleukin-1 alpha mediates phorbol ester-
induced inflammation and epidermal hyperplasia. FASEB J 8:1081-1087.

Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, et al. (2003) The nuclear RNase III Drosha
initiates microRNA processing. Nature 425:415-419.

Lee Y, Kim M, Han J, Yeom KH, Lee S, Baek SH, ef al. (2004b) MicroRNA genes are
transcribed by RNA polymerase II. EMBO J 23:4051-4060.

Lena AM, Shalom-Feuerstein R, Rivetti di Val Cervo P, Aberdam D, Knight RA, Melino G,
et al. (2008) miR-203 represses 'stemness' by repressing DeltaNp63. Cell Death Differ
15:1187-1195.

Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, often flanked by adenosines,
indicates that thousands of human genes are microRNA targets. Cel/ 120:15-20.

66



Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB (2003) Prediction of
mammalian microRNA targets. Cell 115:787-798.

Levy DE, Darnell JE, Jr. (2002) Stats: transcriptional control and biological impact. Nat Rev
Mol Cell Biol 3:651-662.

LiJ, Wan Y, Guo Q, Zou L, Zhang J, Fang Y, et al. (2010) Altered microRNA expression
profile with miR-146a upregulation in CD4+ T cells from patients with rheumatoid arthritis.
Arthritis Res Ther 12:R81.

Li Y, Liao W, Chang M, Schrodi SJ, Bui N, Catanese JJ, et al. (2009) Further genetic
evidence for three psoriasis-risk genes: ADAM33, CDKALI, and PTPN22. J Invest Dermatol
129:629-634.

Lim LP, Lau NC, Weinstein EG, Abdelhakim A, Yekta S, Rhoades MW, et al. (2003) The
microRNAs of Caenorhabditis elegans. Genes Dev 17:991-1008.

Lin SC, Liu CJ, Lin JA, Chiang WF, Hung PS, Chang KW (2010) miR-24 up-regulation in
oral carcinoma: positive association from clinical and in vitro analysis. Oral Oncol 46:204-
208.

Liu CJ, Tsai MM, Hung PS, Kao SY, Liu TY, Wu KJ, ef al. (2010) miR-31 ablates expression
of the HIF regulatory factor FIH to activate the HIF pathway in head and neck carcinoma.
Cancer Res 70:1635-1644.

Liu J, Carmell MA, Rivas FV, Marsden CG, Thomson JM, Song JJ, et al. (2004) Argonaute2
is the catalytic engine of mammalian RNAI. Science 305:1437-1441.

Lowes MA, Bowcock AM, Krueger JG (2007) Pathogenesis and therapy of psoriasis. Nature
445:866-873.

Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, et al. (2005) MicroRNA
expression profiles classify human cancers. Nature 435:834-838.

Mardaryev AN, Ahmed MI, Vlahov NV, Fessing MY, Gill JH, Sharov AA, et al. (2010)
Micro-RNA-31 controls hair cycle-associated changes in gene expression programs of the
skin and hair follicle. FASEB J 24:3869-3881.

Martin BA, Chalmers RJ, Telfer NR (1996) How great is the risk of further psoriasis
following a single episode of acute guttate psoriasis? Arch Dermatol 132:717-718.

McDaneld TG (2009) MicroRNA: mechanism of gene regulation and application to livestock.
J Anim Sci 87:E21-28.

Meister G, Landthaler M, Patkaniowska A, Dorsett Y, Teng G, Tuschl T (2004) Human
Argonaute2 mediates RNA cleavage targeted by miRNAs and siRNAs. Mol Cell 15:185-197.

Menter A, Griffiths CE (2007) Current and future management of psoriasis. Lancet 370:272-
284.

67



Mills AA, Zheng B, Wang XJ, Vogel H, Roop DR, Bradley A (1999) p63 is a p53 homologue
required for limb and epidermal morphogenesis. Nature 398:708-713.

Mishra PJ, Banerjee D, Bertino JR (2008) MiRSNPs or MiR-polymorphisms, new players in
microRNA mediated regulation of the cell: Introducing microRNA pharmacogenomics. Cell
Cycle 7:853-858.

Miska EA (2005) How microRNAs control cell division, differentiation and death. Curr Opin
Genet Dev 15:563-568.

Moll JM, Wright V (1973) Psoriatic arthritis. Semin Arthritis Rheum 3:55-78.

Mori H, Hanada R, Hanada T, Aki D, Mashima R, Nishinakamura H, et al. (2004) Socs3
deficiency in the brain elevates leptin sensitivity and confers resistance to diet-induced
obesity. Nat Med 10:739-743.

Mourelatos Z, Dostie J, Paushkin S, Sharma A, Charroux B, Abel L, ef al. (2002) miRNPs: a
novel class of ribonucleoproteins containing numerous microRNAs. Genes Dev 16:720-728.

Muzio M, Ni J, Feng P, Dixit VM (1997) IRAK (Pelle) family member IRAK-2 and MyD88
as proximal mediators of IL-1 signaling. Science 278:1612-1615.

Nachmani D, Lankry D, Wolf DG, Mandelboim O (2010) The human cytomegalovirus
microRNA miR-UL112 acts synergistically with a cellular microRNA to escape immune
elimination. Nat Immunol 11:806-813.

Nagpal S, Athanikar J, Chandraratna RA (1995) Separation of transactivation and AP1
antagonism functions of retinoic acid receptor alpha. J Biol Chem 270:923-927.

Nakasa T, Miyaki S, Okubo A, Hashimoto M, Nishida K, Ochi M, et al. (2008) Expression of
microRNA-146 in rheumatoid arthritis synovial tissue. Arthritis Rheum 58:1284-1292.

Nanney LB, Stoscheck CM, Magid M, King LE, Jr. (1986) Altered [1251]epidermal growth
factor binding and receptor distribution in psoriasis. J Invest Dermatol 86:260-265.

Nestle FO, Conrad C, Tun-Kyi A, Homey B, Gombert M, Boyman O, et al (2005)
Plasmacytoid predendritic cells initiate psoriasis through interferon-alpha production. J Exp
Med 202:135-143.

Nickoloff BJ (2007) Cracking the cytokine code in psoriasis. Nat Med 13:242-244.

Nickoloff BJ, Wrone-Smith T (1999) Injection of pre-psoriatic skin with CD4+ T cells
induces psoriasis. Am J Pathol 155:145-158.

Nicoloso MS, Sun H, Spizzo R, Kim H, Wickramasinghe P, Shimizu M, et al. Single-

nucleotide polymorphisms inside microRNA target sites influence tumor susceptibility.
Cancer Res 70:2789-2798.

68



Norlen L (2003) Skin barrier structure, function and formation - learning from cryo-electron
microscopy of vitreous, fully hydrated native human epidermis. /nt J Cosmet Sci 25:209-226.

O'Rahilly R (1979) Early human development and the chief sources of information on staged
human embryos. Eur J Obstet Gynecol Reprod Biol 9:273-280.

Okamura K, Hagen JW, Duan H, Tyler DM, Lai EC (2007) The mirtron pathway generates
microRNA-class regulatory RNAs in Drosophila. Cel/ 130:89-100.

Omori E, Matsumoto K, Sanjo H, Sato S, Akira S, Smart RC, et al. (2006) TAKI is a master
regulator of epidermal homeostasis involving skin inflammation and apoptosis. J Biol Chem
281:19610-19617.

Pahl HL (1999) Activators and target genes of Rel/NF-kappaB transcription factors.
Oncogene 18:6853-6866.

Pasparakis M (2009) Regulation of tissue homeostasis by NF-kappaB signalling: implications
for inflammatory diseases. Nat Rev Immunol 9:778-788.

Pasparakis M, Courtois G, Hafner M, Schmidt-Supprian M, Nenci A, Toksoy A, et al. (2002)
TNF-mediated inflammatory skin disease in mice with epidermis-specific deletion of IKK2.
Nature 417:861-866.

Pivarcsi A, Bodai L, Rethi B, Kenderessy-Szabo A, Koreck A, Szell M, et al. (2003)
Expression and function of Toll-like receptors 2 and 4 in human keratinocytes. Int Immunol
15:721-730.

Polakowska RR, Piacentini M, Bartlett R, Goldsmith LA, Haake AR (1994) Apoptosis in
human skin development: morphogenesis, periderm, and stem cells. Dev Dyn 199:176-188.

Rehmsmeier M, Steffen P, Hochsmann M, Giegerich R (2004) Fast and effective prediction
of microRNA/target duplexes. RNA 10:1507-1517.

Rice RH, Green H (1977) The cornified envelope of terminally differentiated human
epidermal keratinocytes consists of cross-linked protein. Cell 11:417-422.

Rice RH, Green H (1979) Presence in human epidermal cells of a soluble protein precursor of
the cross-linked envelope: activation of the cross-linking by calcium ions. Cell 18:681-694.

Roberson ED, Bowcock AM (2010) Psoriasis genetics: breaking the barrier. Trends Genet
26:415-423.

Rodriguez A, Griffiths-Jones S, Ashurst JL, Bradley A (2004) Identification of mammalian
microRNA host genes and transcription units. Genome Res 14:1902-1910.

Ruby JG, Jan CH, Bartel DP (2007) Intronic microRNA precursors that bypass Drosha
processing. Nature 448:83-86.

69



Rutberg SE, Saez E, Glick A, Dlugosz AA, Spiegelman BM, Yuspa SH (1996)
Differentiation of mouse keratinocytes is accompanied by PKC-dependent changes in AP-1
proteins. Oncogene 13:167-176.

Samanta AK, Oppenheim JJ, Matsushima K (1990) Interleukin 8 (monocyte-derived
neutrophil chemotactic factor) dynamically regulates its own receptor expression on human
neutrophils. J Biol Chem 265:183-189.

Sano S, Chan KS, Carbajal S, Clifford J, Peavey M, Kiguchi K, et al. (2005) Stat3 links
activated keratinocytes and immunocytes required for development of psoriasis in a novel
transgenic mouse model. Nat Med 11:43-49.

Schroder JM, Gregory H, Young J, Christophers E (1992) Neutrophil-activating proteins in
psoriasis. J Invest Dermatol 98:241-247.

Schroeder WT, Thacher SM, Stewart-Galetka S, Annarclla M, Chema D, Siciliano MJ, et al.
(1992) Type I keratinocyte transglutaminase: expression in human skin and psoriasis. J Invest
Dermatol 99:27-34.

Schulz BS, Michel G, Wagner S, Suss R, Beetz A, Peter RU, et al. (1993) Increased
expression of epidermal IL-8 receptor in psoriasis. Down-regulation by FK-506 in vitro. J
Immunol 151:4399-4406.

Schwarz DS, Hutvagner G, Du T, Xu Z, Aronin N, Zamore PD (2003) Asymmetry in the
assembly of the RNAi enzyme complex. Cell 115:199-208.

Sen R, Baltimore D (1986a) Inducibility of kappa immunoglobulin enhancer-binding protein
Nf-kappa B by a posttranslational mechanism. Cell 47:921-928.

Sen R, Baltimore D (1986b) Multiple nuclear factors interact with the immunoglobulin
enhancer sequences. Cel/ 46:705-716.

Shaulian E, Karin M (2001) AP-1 in cell proliferation and survival. Oncogene 20:2390-2400.

Sonkoly E, Wei T, Janson PC, Saaf A, Lundeberg L, Tengvall-Linder M, et al. (2007)
MicroRNAs: novel regulators involved in the pathogenesis of psoriasis? PLoS One 2:¢610.

Sonkoly E, Wei T, Pavez Lorie E, Suzuki H, Kato M, Torma H, et al. (2010) Protein kinase
C-dependent upregulation of miR-203 induces the differentiation of human keratinocytes. J
Invest Dermatol 130:124-134.

Spellberg B (2000) The cutaneous citadel: a holistic view of skin and immunity. Life Sci
67:477-502.

Steude J, Kulke R, Christophers E (2002) Interleukin-1-stimulated secretion of interleukin-8
and growth-related oncogene-alpha demonstrates greatly enhanced keratinocyte growth in

human raft cultured epidermis. J Invest Dermatol 119:1254-1260.

Stingl G MD, Hauser C,Wolff K The skin: An immunologic barrier, vol. 1. Fitzpatrick’s
Dermatology in General Medicine: New York, 2003, 253-273pp.

70



Stratis A, Pasparakis M, Rupec RA, Markur D, Hartmann K, Scharffetter-Kochanek K, et al.
(2006) Pathogenic role for skin macrophages in a mouse model of keratinocyte-induced
psoriasis-like skin inflammation. J Clin Invest 116:2094-2104.

Sur I, Ulvmar M, Toftgard R (2008) The two-faced NF-kappaB in the skin. /nt Rev Immunol
27:205-223.

Szabo SK, Hammerberg C, Yoshida Y, Bata-Csorgo Z, Cooper KD (1998) Identification and
quantitation of interferon-gamma producing T cells in psoriatic lesions: localization to both
CD4+ and CD8+ subsets. J Invest Dermatol 111:1072-1078.

Takanabe R, Ono K, Abe Y, Takaya T, Horie T, Wada H, et al (2008) Up-regulated
expression of microRNA-143 in association with obesity in adipose tissue of mice fed high-
fat diet. Biochem Biophys Res Commun 376:728-732.

Thacher SM, Rice RH (1985) Keratinocyte-specific transglutaminase of cultured human
epidermal cells: relation to cross-linked envelope formation and terminal differentiation. Cell
40:685-695.

Thewes M, Stadler R, Korge B, Mischke D (1991) Normal psoriatic epidermis expression of
hyperproliferation-associated keratins. Arch Dermatol Res 283:465-471.

Tobin DJ (2006) Biochemistry of human skin--our brain on the outside. Chem Soc Rev 35:52-
67.

Toullec D, Pianetti P, Coste H, Bellevergue P, Grand-Perret T, Ajakane M, et al. (1991) The
bisindolylmaleimide GF 109203X is a potent and selective inhibitor of protein kinase C. J
Biol Chem 266:15771-15781.

Tsuruta D (2009) NF-kappaB links keratinocytes and lymphocytes in the pathogenesis of
psoriasis. Recent Pat Inflamm Allergy Drug Discov 3:40-48.

Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of microarrays applied to the
ionizing radiation response. Proc Natl Acad Sci U S A 98:5116-5121.

Valdimarsson H (2007) The genetic basis of psoriasis. Clin Dermatol 25:563-567.

Weiler J, Hunziker J, Hall J (2006) Anti-miRNA oligonucleotides (AMOs): ammunition to
target miRNAs implicated in human disease? Gene Ther 13:496-502.

Welter JF, Eckert RL (1995) Differential expression of the fos and jun family members c-fos,
fosB, Fra-1, Fra-2, c-jun, junB and junD during human epidermal keratinocyte differentiation.

Oncogene 11:2681-2687.

Wienholds E, Koudijs MJ, van Eeden FJ, Cuppen E, Plasterk RH (2003) The microRNA-
producing enzyme Dicerl is essential for zebrafish development. Nat Genet 35:217-218.

71



Wightman B, Burglin TR, Gatto J, Arasu P, Ruvkun G (1991) Negative regulatory sequences
in the lin-14 3'-untranslated region are necessary to generate a temporal switch during
Caenorhabditis elegans development. Genes Dev 5:1813-1824.

Wightman B, Ha I, Ruvkun G (1993) Posttranscriptional regulation of the heterochronic gene
lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell 75:855-862.

Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F, ef al. (2006) A microRNA
expression signature of human solid tumors defines cancer gene targets. Proc Natl Acad Sci U
S A4103:2257-2261.

Yaffe MB, Beegen H, Eckert RL (1992) Biophysical characterization of involucrin reveals a
molecule ideally suited to function as an intermolecular cross-bridge of the keratinocyte
cornified envelope. J Biol Chem 267:12233-12238.

Yan X, Owens DM (2008) The skin: a home to multiple classes of epithelial progenitor cells.
Stem Cell Rev 4:113-118.

Yang A, Schweitzer R, Sun D, Kaghad M, Walker N, Bronson RT, et al. (1999) p63 is
essential for regenerative proliferation in limb, craniofacial and epithelial development.
Nature 398:714-718.

Yawalkar N, Karlen S, Hunger R, Brand CU, Braathen LR (1998) Expression of interleukin-
12 is increased in psoriatic skin. J Invest Dermatol 111:1053-1057.

Yi R, O'Carroll D, Pasolli HA, Zhang Z, Dietrich FS, Tarakhovsky A, et al (2006)
Morphogenesis in skin is governed by discrete sets of differentially expressed microRNAs.
Nat Genet 38:356-362.

Yi R, Poy MN, Stoffel M, Fuchs E (2008) A skin microRNA promotes differentiation by
repressing 'stemness'. Nature 452:225-229.

Yoneda K, Hohl D, McBride OW, Wang M, Cehrs KU, Idler WW, et al. (1992) The human
loricrin gene. J Biol Chem 267:18060-18066.

Yu J, Peng H, Ruan Q, Fatima A, Getsios S, Lavker RM (2010) MicroRNA-205 promotes
keratinocyte migration via the lipid phosphatase SHIP2. FASEB J 24:3950-3959.

Yu J, Ryan DG, Getsios S, Oliveira-Fernandes M, Fatima A, Lavker RM (2008) MicroRNA-
184 antagonizes microRNA-205 to maintain SHIP2 levels in epithelia. Proc Natl Acad Sci U
S 4 105:19300-19305.

Yuspa SH, Ben T, Hennings H, Lichti U (1982) Divergent responses in epidermal basal cells
exposed to the tumor promoter 12-O-tetradecanoylphorbol-13-acetate. Cancer Res 42:2344-
2349.

Zachariae H (2003) Prevalence of joint disease in patients with psoriasis: implications for
therapy. Am J Clin Dermatol 4:441-447.

72



Zeng Y, Wagner EJ, Cullen BR (2002) Both natural and designed micro RNAs can inhibit the
expression of cognate mRNAs when expressed in human cells. Mol Cell 9:1327-1333.

Zenz R, Eferl R, Kenner L, Florin L, Hummerich L, Mehic D, et al. (2005) Psoriasis-like skin
disease and arthritis caused by inducible epidermal deletion of Jun proteins. Nature 437:369-
375.

Zenz R, Wagner EF (2006) Jun signalling in the epidermis: From developmental defects to
psoriasis and skin tumors. /nt J Biochem Cell Biol 38:1043-1049.

Zhang XJ, Yan KL, Wang ZM, Yang S, Zhang GL, Fan X, et al. (2007) Polymorphisms in
interleukin-15 gene on chromosome 4q31.2 are associated with psoriasis vulgaris in Chinese

population. J Invest Dermatol 127:2544-2551.

Zibert JR, Lovendorf MB, Litman T, Olsen J, Kaczkowski B, Skov L (2010) MicroRNAs and
potential target interactions in psoriasis. J Dermatol Sci 58:177-185.

73



	1 0BINTRODUCTION
	1.1 7BSKIN
	1.1.1 34BEpidermis 
	1.1.1.1 60BMorphogenesis of human epidermis

	1.1.2 35BDermis
	1.1.3 36BSubcutis 

	1.2 8B KERATINOCYTES
	1.2.1 37BKeratinocyte differentiation

	1.3 9BPSORIASIS
	1.3.1 38BClinical features of psoriasis
	1.3.2 39BHistological features of psoriasis
	1.3.2.1 61BAbnormal keratinocyte differentiation
	1.3.2.2 62BKeratinocyte hyperproliferation 
	1.3.2.3 63BInflammatory elements in psoriasis

	1.3.3 40BGenetic basis in psoriasis
	1.3.4 41BCurrent and future management of psoriasis

	1.4 10BMicroRNAs
	1.4.1 42BThe discovery of microRNAs
	1.4.2 43BMicroRNA biogenesis
	1.4.3 44BThe regulatory function of microRNAs in gene expression
	1.4.4 45BMicroRNAs in diseases and development
	1.4.5 46BMicroRNAs in skin


	2 1BAIMS OF THE THESIS
	3 2BMATERIALS AND METHODS
	3.1 11BPatient material (paper I, III)
	3.2 12BCells (paper I, II, III and IV)
	3.3 13BKeratinocyte differentiation models (paper II)
	3.4 14BBiopsies homogenization&RNA isolation (paper I, II, III and IV)
	3.5 15BmiRCURY LNA TM miRNA microarray and data analysis (paper I)
	3.6 16BMiRNA-specific real-time PCR (paper I, II)
	3.7 17BmiRCURY LNA TM miRNAs in situ hybridization (paper I, III)
	3.8 18BTaqMan® MiRNA Low Density Array (TLDA) (paper II)
	3.9 19BQuantitative real-time PCR (paper II, IV)
	3.10 20B  Specific up- and down-regulation of miR-203 activity (paper II and IV)
	3.11 21B  HRT² Profiler™ PCR Array H(paper IV)
	3.12 22B  p65 Translocation assay (paper IV)
	3.13 23B  NF-κB luciferase reporter assay (paper IV)
	3.14 24B  AP-1 transcription factor assay (paper II)
	3.15 25B  Firefly luciferase assay (paper III and IV)
	3.16 26B  Enzyme-linked immunosorbent assay (ELISA) (paper IV)
	3.17 27B  Western blotting (paper I, II and IV)
	3.18 28B  Immunohistochemistry (paper I and III)
	3.19 29B  Immunofluorescence (paper II)

	4 3BRESULTS AND DISCUSSION
	4.1 30BPaper I – MicroRNAs: Novel Regulators Involved in the Pathogenesis of Psoriasis?
	4.1.1 47BA characteristic miRNA signature identified in psoriasis skin
	4.1.2 48BmiR-203 showed skin- and keratinocyte- specific expression pattern
	4.1.3 49BA plausible link between miR-203 and keratinocyte dysfunction in psoriasis through the regulation of SOCS-3 signaling

	4.2 31BPaper II – Protein Kinase C-Dependent Upregulation of miR-203 Induces the Differentiation of Human Keratinocytes
	4.2.1 50BCalcium-induced differentiation alters miRNA expression in keratinocytes
	4.2.2 51BmiR-203 is upregulated during keratinocyte differentiation
	4.2.3 52BmiR-203 expression is repressed when keratinocyte differentiation is prevented
	4.2.4 53BUpregulation of miR-203 during keratinocyte differentiation is PKC-dependent
	4.2.5 54BThe effect of miR-203 dysregulation in keratinocyte differentiation 

	4.3 32BPaper III – The expression of microRNA-203 during human skin morphogenesis
	4.4 33BPaper IV – miR-203 suppresses NF-κB signaling in human keratinocytes
	4.4.1 55BmiR-203 is involved in the regulation of NF-κB pathway
	4.4.2 56BmiR-203 suppresses IL-8 and IL-1α expression in keratinocytes
	4.4.3 57BmiR-203 suppresses the nuclear translocation of NF-κB and NF-κB-dependent promoter activity
	4.4.4 58BPotential targets of miR-203 in NF-κB pathway
	4.4.5 59BWhy does overexpression of miR-203 not lead to suppressed NF-κB activity in psoriasis?


	5 4BCONCLUDING REMARKS
	6 5BACKNOWLEDGEMENTS
	7 6BREFERENCES

