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Summary

Primary cilia, a tiny organelle structure, is recognized by its important role in cellular
maintenance including cell proliferation and differentiation by regulating multiple signaling
pathways. Recently, it has become clear that the severity of diseases such as polycystic kidney
disease and various cancers have been correlated with primary cilia. With regard to skin
inflammation, especially atopic dermatitis and psoriasis, keratinocyte development has been
severely deregulated. The purpose of this study is to understand the role of primary cilia in
keratinocytes in inflammation condition. It will help to deepen the knowledge regarding the
pathophysiology of inflammatory skin disorder and lead to the novel therapy. By this
awareness, | confirmed the increase in epidermal primary cilia distribution in atopic dermatitis
and psoriasis skin compared to normal skin sample. Thereafter, observation in primary
keratinocyte showed that stimulation using Th2 and Th17 cytokines increased primary cilia
formation, but stimulation using Thl cytokines did not increase ciliogenesis. Moreover, |
introduced the downregulation of desmoglein-1, a keratinocyte differentiation protein in
primary keratinocyte, after knockdown of (Intraflagellar Transport Protein 88) IFT88, an
essential protein in primary cilia. Additionally, IFT88 showed be to associated with
phosphorylation of JNK, a stress-related signaling pathway in primary keratinocyte. These
results suggested that primary cilia have important role on modulating keratinocyte
differentiation. These finding provide a novel perspective for characterizing the phenomena of
skin inflammation that irregular ciliogenesis found in atopic dermatitis and psoriasis
correspond with a decline in keratinocyte maturation and the generation of defects in the skin

structure.



1. Introduction

The epidermal layer executes solid protection through its typical characteristics by forming
permeability barricade, mechanical protection, and also innate immune system®. Covering
extra-wide organ, immunovigilance in skin is built by multiple cells and molecular agents.
Immune response has critical responsibility in establishing primary interface stability
protecting vital organ from the environment. Excessive of immune response will lead to
chronic inflammation and autoimmunity, whereas incompetent reaction towards stress and
invasion risk to develop subsequent infection thus trigger malignancies?. Generally, human
skin is constructed by two main components: the dermis and multilayered epidermis. The
epidermis contains multiple native immune cells in stratum spinosum layer, particularly
Langerhans Cell, Vy9V52 T cells subset, and resident memory T cells®®. Recently, concept
of inducible skin-associated lymphoid tissue has been proposed as a pinpoint clustering of
antigent presenting cell activation which modulate contact dermatitis®®. The activation of
immune response leads to deprivation of skin barrier properties’ . Reciprocally, a decrease in
barrier properties potentiate the modulation of the local immune component in the skin?3. The
defect of barrier function is shown to emerge as a disturbance of keratinocyte homeostasis in
balancing both of proliferation and differentiation!!. Activation of the immune response in the
epidermis is also found to be a substantial factor which affected keratinocyte biology, this
constitution explains an inter-correlated relationship between skin protective function, immune
cascade activation, and keratinocyte development supporting epidermal morphogenesis.
Disruption one of these aspects lead to the initiation of an inflammation environment. The
illustration of pathogenesis interplay is shown in Figure 1.1. Among various kinds of skin
inflammation diseases, atopic dermatitis and psoriasis have emerged as two most common type

of skin inflammation with wide prevalence in populations.



Atopic dermatitis is described as inflammatory eczematous lesions causing intense itch and
emerges as one of the most common skin disorders found in up to a fifth of total population in
developed countries'?. The pathophysiological aspect of atopic dermatitis has dubious point
whether it is triggered by inside-out (endogenic)!® or outside-in (exogenous) motive®,
Although the main driven factor of atopic dermatitis remains unclear, the pathophysiology is
undoubtedly well defined, highlighting some important points: disruption of the epidermal
barrier, cutaneous inflammation, and alteration of proliferation and differentiation of
keratinocytes. Disruption of skin barrier function results from multiple causes including genetic
mutation and environmental factors such the use of strong detergent and excessive scratch
activity'®. Loss of barrier function brings indirect impact of inflammatory T cell infiltration,
which is modulated by skin homing signaling molecules. A series of signaling pathways
continue to increase the number of lymphoid cells producing Th2 cytokine which are primarily
found in lesional atopy®. In addition, hyperplasia is found to be a common phenotype in atopic
dermatitis’’. The upregulation of keratinocyte proliferation marker, Ki67, followed by a
decrease in filaggrin expression as differentiation marker, is found among lesional and non-
lesional atopic dermatitis!®2°. Identical to atopic dermatitis, psoriasis is also mediated by
immune response and genetically related skin inflammation manifestation?. The
pathophysiology of psoriasis relies on the axis of I1L-23 and Th17 activation?!; thus, the vital
role of IL-17A and IL-22 is highlighted in the disease progression®?22%, Furthermore, psoriasis
presents hyperplasia condition modulated by Th17 activation*. In an identical manner to atopic
dermatitis, the skin barrier is compromised based on sensitization of immune response in
psoriasis?. Both atopic dermatitis and psoriasis may not be grouped as life-threatening disease;
however, the decreases in quality of life are shown to be the most substantial effects caused by

this inflammation condition.



Several study has proposed a system or model mimicking both of atopic dermatitis and
psoriasis conditions to facilitate deeper understanding of molecular interplay in skin
inflammation?®-28, Almost all of them exhibit a wide point of view regarding skin inflammation.
Many models focus on the keratinocyte biological aspect, particularly the causal analysis of
disruption in keratinocyte homeostasis. In the cellular level, the balancing act of keratinocyte
proliferation and differentiation is related to multiple factors. A recent study showed the

importance of primary cilia in guarding epidermal morphogenesis aspect?.

Primary cilia are described as antenna-like structure protruding from basal body and have
pivotal role in proliferation and differentiation®. Figure 1.2 shows the general structure of
primary cilia. Primary cilia have vital a role in the homeostasis of the interfollicular epidermis,
and one of the impacts of cilia loss is abnormal differentiation®!. Part of cell proliferation
regulator is ruled by ciliary proteins, includes intraflagellar transport (IFT) proteins,
polycystins, hedgehog (Hh) and B-arrestins. Moreover, balance adjustment between cell
proliferation and differentiation is also regulated by signaling through platelet-derived growth
factor receptor a (PDGFRaa) and Wnt pathway®2, which are known to have impact on NFkB
pathway by modulating IKK activity induced by IL-1B in murine chondrocyte cell line®.
Furthermore, lipopolysaccharides reportedly induces neuronal inflammation modulated by
primary cilia®. Our recent study showed the immunological role of dendritic cells primary cilia
in skin disease®®. However, to date, no study focuses on the behavior of epidermal cilia during
an inflammation environment. As primary cilia clearly exhibit important role affected multiple
cell activity including proliferation and differentiation, there is a high possibility of primary
cilia on the alteration of keratinocyte character caused by stress condition from the activation
of inflammation cascade in the skin. In this study, | evaluated the role of epidermal primary
cilia in atopic dermatitis and psoriasis as the activity and functions of primary cilia in skin

inflammation remains unclear.



2. Methods

2.1 Atopic dermatitis and Psoriasis vulgaris skin sample

Formalin-fixed paraffin-embedded atopic dermatitis and psoriasis vulgaris skin sections
were obtained from patients following the ethical guidelines of Osaka University
(Approval Number: 29-2-1) and Nagoya City University (Approval Number: 60-18-
0003).

2.2 Cell culture

Neonatal normal human epidermal keratinocyte (NHEK) cells were purchased from
Lonza. NHEK cells were cultured in KGM Gold (Lonza, Basel, Switzerland). Sub-
confluent NHEK (P2-P4) were cultured on eight-chamber slides (ThermoFisher) and
stimulated using various cytokines (IL-1p, tumor necrosis factor alpha [TNFa], interferon
gamma [IFNy], IL-4, IL-13, IL-31, IL-17A, and IL-22; PeproTech, NJ, USA) at 37°C and
5% CO2 for 48 h. The culture of primary keratinocyte was approved by ethical guidelines
of Osaka University (Approval Number: 29-2-1).

2.3 Immunohistology and immunocytology

Immunohistology of formalin-fixed paraffin-embedded skin

Slides were deparaffinized and antigen retrieval was performed using Tris-EDTA buffer
at a pH of 9. Primary antibodies were diluted in blocking solution. Table 1 lists the
primary antibodies used in immunohistology. After overnight incubation at 4°C with the
primary antibody, the slides were incubated with secondary antibodies containing
Hoechst33342 (1:1000), goat anti-mouse Alexafluor-488 and goat anti-rabbit Alexafluor-
594 (1:200 each)-conjugated 1gG (ThermoFisher) at room temperature for 2 h. After a
final wash, slides were mounted with Prolong Gold (ThermoFisher). Slides were

observed and five random images along basal membrane were acquired at an objectives



magnification of 100X in each skin sample using an Olympus confocal microscope
FV1200 (Olympus, Tokyo, Japan). Ciliated cells and total cell number, as well as cilia
sizes, were counted and measured respectively using ImageJ software.*
Immunocytology for NHEK and HaCaT cells

Paraformaldehyde (4%, Fujifilm, Tokyo, Japan)-fixed slides were washed with
phosphate-buffered saline (PBS) and blocked by incubation in 5% bovine serum albumin
with 0.1% Triton X-100 (Millipore Sigma) in PBS for 30 min at room temperature.
Primary antibody staining was performed by overnight incubation at 4°C. Table 1 lists
the primary antibodies used in immunocytology. After washing with PBST, the second
antibody mixture (Hoechst33342 and goat anti-rabbit Alexafluor-594 [1:1000 each]
conjugated to 1gG, ThermoFisher) was applied for 2 h at room temperature. After washing
in PBST, the slides were fixed using a Prolong Gold. Ciliated cells were analyzed as
previously described.

2.4 RNA interference

IFT88-, ARL13B-, and KIF3A-targeted small interfering RNA (siRNA) (sequence listed
in Table 2) was purchased from Life Technologies, CA, USA. Knockdown was
performed for 6 h using Lipofectamin RNAiMax (ThermoFisher) based on the
manufacturer’s recommended protocol. Silencer Select Negative Control No. 2
(ThermoFisher) was used as the control. One day after knockdown was initiated, the
culture medium was changed and the cells were stimulated using 1L-13, IL-17A, and IL-
22 (PeproTech).

2.5 RNA isolation and quantitative real-time polymerase chain reaction (PCR)
After NHEK was washed with DPBS (ThermoFisher), phenolic RNA extraction was

performed using TRI Reagent (MRC, Tokyo, Japan). Precipitation and purification of



RNA were performed using isopropanol and 70% ethanol (Fujifilm). cDNA was
synthesized using QuantiTect Reverse Transcription Kit (Qiagen, Venlo, The
Netherlands). The PCR mixture was prepared by Thunderbird SYBR (Toyobo, Tokyo,
Japan) and the primer pairs for IFT88, ARL13B, KIF3A, and 18s (sequence listed in
Table 3) were obtained from FASMAC (Kanagawa, Japan). The fold relative expression
was quantified, and statistical analysis was performed using Prism 7 (GraphPad Software,
La Jolla, CA, USA).

2.6 Western blotting

Cold DPBS was used to wash NHEK cells before lysing them in a
radioimmunoprecipitation assay buffer (Santa Cruz Biotechnology) contained protease
and phosphatase inhibitors (cOmplete mini and PhosSTOP, Roche, Basel, Swiss). The
proteins were mixed with sample buffer (Biorad, CA, USA) and heated before loading
into wells of a sodium deodecyl sulfate-polyacrylamide gel (TGX, Biorad). After the gel
electrophoresis was complete, the proteins were transferred onto polyvinylidene
difluoride membranes using a semi-dry method (Trans-Blot Turbo, Biorad). The
membranes were submerged in the primary antibody mixture that had been diluted with
either 5 % bovine serum albumin in Tris-buffered saline (TBS) or 5 % skim milk in TBS
overnight at 4°C. The following primary antibodies were used: anti-IFT88 (ProteinTech,
13967-1-AP, 1:1500); anti-ARL13B (ProteinTech, 17711-1-AP, 1:2000); anti-KIF3A
(Abcam, ab11259, 1:1500) anti-p actin (CST, MA, USA, 4970, 1:1000); anti-
phosphorylated JNK (CST, 4668, 1:1000); anti-phosphorylated p38 (CST, 4511, 1:1000);
and anti-DSG1 (Merck, Darmstadt, Germany, MABT118, 1:1000). After three washes
with 0.1% Tween-20 (Millipore Sigma) in TBS (TBST), the membranes were incubated

with secondary antibodies that had been conjugated to horseradish peroxidase (Biorad,



1:2000) and diluted in either 5% skim milk or 4% BlockAce (Ds Pharma, Tokyo, Japan)
for 2 h at room temperature. After subsequent washes with TBST, the membranes were
treated using ECL solution (GE Healthcare, IL, USA). Images were acquired using an
Amersham Imager 600 (GE Healthcare). Band intensity was quantified using ImageJ and
statistically analyzed using Prism 7.

2.7 Microarray experiment

NHEK were cultured in six-well plate and treated either using RNA interference of
ARL13B, IFT88, or KIF3A; and incubated with or without IL-13 stimulation. After
subsequent 48 h stimulation, total RNA was isolated using the RNeasy Mini Kit (Qiagen).
cRNA synthesis, labeling, fragmentation, and hybridization were performed using the
GeneChip™ 3' IVT PLUS Reagent Kit (ThermoFisher) accordance with the
manuifacturing protocol. The comparative analysis of obtained data was performed using
Transcriptome Analysis Console Software (Thermo Fisher).

2.8 Bioplex Immunoassay experiment

NHEK were cultured in a 12-well plate. RNA interference of IFT88 and cytokines
stimulation was performed as previously described. After a subsequent 48 h stimulation
using cytokines, protein purification, isolation, hybridization, and detection were
performed using the provided reagent and protocol from Bio-plex Multiplex
Immunoassay system (Biorad).

2.9 Statistical analysis

Statistical analysis was performed with GraphPad Prism, version 7.04. Quantification and
measurements of the percentage of ciliated cells and cilia length were compared between
normal skin samples and atopic dermatitis or psoriasis skin samples using Mann-Whitney

U tests. One-way analysis of variance, followed by Bonferroni’s post hoc test was used



to compare the percentage of ciliated cells after the stimulation of keratinocytes using
multiple cytokines. The same statistical method was also used for western blot semi-

quantitative analysis.



3. Results

To understand the role of epidermal cilia in skin inflammation diseases, first | analyzed
the existence of ciliated cells in diseased skin and explored the plausible association with
some protein expressions in the skin sample. Skin samples were provided by our research
collaborator from Nagoya City University. A total of eight samples, obtained from
different donors, of normal skin, fifteen samples of atopic dermatitis skin, and eight
samples of psoriasis skin were used in this analysis. The research was followed by a
functional analysis study of primary cilia using normal human epidermal keratinocyte

(NHEK) to seek the possibility of primary cilia function under inflammation conditions.

3.1 Observation of ciliated cell in the epidermis of normal, atopic dermatitis, and

psoriasis skin samples

On the initial examination of primary cilia in the skin sample, | used anti-acetylated
tubulin (AcTub) antibody as the primary cilia marker. Previous study of primary cilia also
used anti-AcTub to dye the ciliary shape in human skin sample®. Fluorescent
immunohistochemistry (IHC) of normal, atopic dermatitis, and psoriasis skin samples
revealed a green ciliary structure in the blue signal of Hoechst 33342 (Fig. 1, 2, and 3).
However, some non-specific signals were also shown as background in green color. This
result is understandable as tubulin, which is a major component comprising cell structure
and shape. From these results, ciliated cell was found in higher number in atopic
dermatitis and psoriasis skin sample compared with normal skin sample as pointed by
white arrowheads in Figures 1, 2, and 3. Multiple options are available for primary cilia
staining. To mark the axoneme structure of primary cilia, some intraflagellar (IFT) protein

marker can be utilize to describe the presence of primary cilia, in example IFT88 and
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IFT20. Moreover, a group of GTPase which localized in cilia, such as Adenosine
diphosphate ribosylation factor-like protein 13B (ARL13B), has been commonly used for

primary cilia staining®’.

In order to have proper visualization of primary cilia structure, | performed subsequent
IHC of normal and diseased skin samples using double staining with a marker for basal
body region of primary cilia, anti-pericentrin (PCT), shown in red color, and anti-
ARL13B shown in green color based on a previous study*®*°. The expression of ARL13B
is enriched in the axoneme part of primary cilia. Figures 4, 5, and 6 show the costaining
images of normal, atopic dermatitis, and psoriasis skin samples using a combination of
primary cilia markers, respectively. Pericentrin is a substantial part of the centrosome, in
which the initiation of ciliary shaft development is started. IHC staining of normal and
diseased skin samples showed clear primary cilia structure over the skin sample. Not only
in the epidermis area, but primary cilia were also found in the dermal area, which mainly
consists of fibroblast cell in normal skin, shown under the white dash line (not pointed by
white arrowhead) especially in atopic dermatitis and psoriasis skin samples (Figure 5
upper left panel and Figure 6 upper and lower right panel). The white dash line showed
the basal membrane, which separated the epidermis and dermis structure. The
magnification image, located in the lower panel in each figure, shows the pinpoint of each
ciliary shaft (green) with centrosome (red). Similar to previous result, the general
examination showed higher number of ciliated cell was found in atopic and psoriasis skin

compare to normal skin.

3.2 Anatomical and statistical analysis of ciliated cells in the epidermis of normal,

atopic dermatitis, and psoriasis skin samples
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To confirm the gain of ciliated cell frequency, I counted the number of primary cilia found
in particular position of each skin sample. Figure 4-6 shows that primary cilia are
generally located around the basal membrane. This outcome proposed that ciliated cells
are distributed along the basal layer of epidermis. To prove these hypothesis, normal,
atopic dermatitis, and psoriasis skin samples were stained using an epidermal basal cell
marker. Anti-cytokeratin 5 (K5) and anti-cytokeratin 14 (K14) were common
biochemical makers for stratified epithelia, which includes the basal cell layer in the
epidermis. Figure 7 shows the co-staining images of skin samples using anti-K14
antibody and anti-ARL13B antibody. In normal skin on the left panel, the expression of
K14, revealed in red color, was strictly found along the basal layer, which is located close
to the white dash line showing the border of the dermis and epidermis part of the skin.
However, atopic dermatitis and psoriasis skin samples showed contrasting outcomes. The
expression of K14 was not only confined to the cell in the basal layer but also in the
keratinocytes on the suprabasal area. Spinous cells of atopic dermatitis and psoriasis skin
also expressed K14 in comparable manner to the basal area as shown in magnified images
on the lower panel of Figure 7. The expression of K14 indicates that keratinocytes are
undifferentiated and commonly found in the basal layer of normal skin, as shown in the
left panel of Figure 7. This outcome may explain the hypothesis of disturbance in
keratinocyte differentiation found in skin inflammation. A similar issue is shown by
previous studies regarding K14 expression pattern both in atopic dermatitis and

psoriasis??%,

Next, | opted to use another biochemical marker of the basal cell layer. Besides K14, K15
displays identical expression in the basal layer of epidermis. Moreover, K15 has shown

specific properties found in stem cell*. Figure 8 shows the double staining images of the

12



skin sample using anti-K15 antibody (red) and anti-ARL13B antibody (green). On the
normal skin image on the left panel (upper part, and magnified images in the lower part),
the red signal perfectly showed K15 expression on the basal cell layer, in which cells
attached to the basal membrane in the epidermis. Comparably, K15 expression in atopic
dermatitis and psoriasis skin also showed the localization near the basal membrane.
However, particularly in atopic dermatitis skin, one or two layers around basal membrane
still expressed K15. These phenomena may describe the hyper-proliferative activity of
the epidermis resulted in hyperplasia which commonly develops in skin inflammation.
Most of ARL13B shown in green signal was found in K15 positive cells on atopic
dermatitis and psoriasis skin sample. However, one primary cilium (pointed by a red
arrowhead in psoriasis-magnified image, right panel lower part) was located in the K15
negative cell. This result proved that, generally, cells with primary cilia were found
around the basal cell area and a few number of ciliated cells also found in prickle cells

around the basal area.

Statistical analysis of ciliated cell numbers was performed by capturing five random
images on each skin sample taken around the basal cell area. The number of ciliated cells
was divided by the total number of epidermal cells found in the single frame of the image.
From the 15 samples of atopic dermatitis skin, the ciliated cell percentage number was
significantly increase compared to normal skin from 8 different subjects, as shown in
Figure 9a. Identically, skin samples of from eight different patients with psoriasis also
showed a significant increase compare with normal skin as shown in Figure 10a. A
previous study shows that cilia length may be influenced by some inflammatory
cytokines®. The length of primary cilia found in atopic dermatitis and psoriasis skin was

measured and compared with that in normal skin. However, no difference was found in
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the length of primary cilia observed in normal, atopic dermatitis, and psoriasis skin

samples (Figures 9b and 10b)
3.3 Observation of primary cilia formation in primary keratinocyte

Several studies related to skin inflammation, particularly regarding atopic dermatitis and
psoriasis have been conducted and accommodated inflammation condition either in vitro
or mimicking in vivo model . However, these inflammation model were not
deliberating the aspect of ciliogenesis in keratinocytes. Conversely, in recent studies,
primary cilia or ciliary proteins in keratinocyte have been understood to pose a vital role
related to cell activity and development**#°, By comparing atopic dermatitis and psoriasis
skin samples with normal skin samples, | observed a significant increase in primary cilia
formation in the epidermis area, as explained in the previous section. However, as a
previous study reported, in vitro primary cilia formation in keratinocytes was not as high
as other epithelial cells such as retinal pigment epithelium cell (RPE)*. In this study,
primary keratinocyte culture was used for in vitro experiments to comprehend the role of
primary cilia in skin inflammation. Initially, | observed the progression of primary cilia
formation in keratinocytes. NHEK was cultured in serum starvation condition and the
ciliogenesis was compared with normal serum condition in time point experiment. Serum
starvation condition has been widely used to induce ciliogenesis in various kinds of cell*’.
The immunocytochemistry of primary cilia in NHEK was performed using a combination
of antibody for fibroblast growth factor receptor 1 oncogene partner (FOP) which is the
centrosomal protein in keratinocytes and anti-ARL13B antibody. The staining images in
Figure 11 show time-dependent ciliogenesis observed in normal and serum-depleted
cultures. For total 2-day experiment, an increase of ciliogenesis was observed after 24 h

culture in a serum starvation condition. This increase steadily rises until 48 h of incubation
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(Figure 12). Conversely, a decreasing trend of ciliogenesis was observed in normal serum
conditions (Figure 12). A prolonged experiment of up to 6 days in serum starvation
condition showed that maximum ciliogenesis occurred between 48 and 96 h (Figure 13a
and b). This result may describe the temporal event of ciliogenesis in keratinocytes, which
required around 2 to 4 days to exhibit the optimum formation of primary cilia. Regarding
this result, | opted to culture NHEK in 2- or 3-days culture period for subsequent

experiment in the analysis of ciliated keratinocyte on inflammation condition.

3.4 Stimulation using Th2 and Th17 cytokines increase ciliogenesis in primary

keratinocyte but not with Thl cytokines

As previously described, in vitro study of skin inflammation has been conducted by
incubating primary Kkeratinocytes using various cytokines and pro-inflammatory
molecules”1%24 However, the effect of keratinocyte stimulation using multiple cytokines
in terms of ciliogenesis has not been performed previously. Regarding this situation, |
attempted to check the effect of multiple cytokines stimulation at various concentrations
on primary cilia formation in NHEK. Concentration range from 0 to 1000 ng/ml was used
to stimulate NHEK for 48 h and the immunocytochemistry (ICC) staining was performed
to analyze the primary cilia number based on quantitative analysis. The result was shown

in Figure 15 for Th2 and Figure 17 for Th17 cytokines.

NHEK stimulation using Th2 cytokines (IL-4, IL-13, and IL-31) at various concentrations
show increasing number of ciliated cells starting from smallest concentration of 1 ng/ml.
However, the increase in ciliated cells did not follow concentration dependent manner.
At high concentration, in particular starting from 200 ng/ml to 1000 ng/ml, ciliated cell

number tend to be more stationed and finally decreased at the highest concentration
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(Figure 15). In particular, 100 ng/ml of Th2 cytokines induced significant increase of
ciliogenesis compared with control in NHEK culture as shown in ICC image and
statistical analysis result in Figure 14a and b. Additionally, | also did not found any
significant difference in cilia length after NHEK stimulation using IL-4, IL-13, and IL-

31 (Figure 14c).

Figure 16 and Figure 17 describe the ciliogenesis in NHEK after stimulation using Th17
cytokines (IL-17A and IL-22). Concentration-dependent experiment showed the
increasing tendency in ciliated cell number started to be observed in concentrations of 20
ng/ml for IL-17A and 1 ng/ml for IL-22 (Figure 17a and b). Similar to stimulation using
Th2 (IL4/IL-13/1L-31), ciliated cell percentage after high concentration stimulation of
Th17 cytokines (especially in the range of 200 to 1000 ng/ml) tends to be static or
decreased (Fig. 17). Cilia staining image using anti-ARL13B antibody shown in red
reveals significant increase in primary cilia after NHEK stimulation using 20 ng/ml of IL-
17A and IL-22 for 48 h (Figure 16 a and b). IL-17A and IL-22 stimulation did not

influence cilia length in NHEK culture either (Figure 16c¢).

Interestingly, the contrasting effect was shown after NHEK stimulation using Thl
cytokines (IL-1f, TNFa, and IFNy). Forty-eight hours of stimulation in NHEK did not
increase ciliated keratinocytes as shown from the ICC staining result and statistical
analysis in Figure 18a and b. Furthermore, high concentrations of Thl cytokines
particularly TNFa and IFNy induce negative effect on ciliogenesis as shown in Figure 19.
No primary cilia were observed after NHEK stimulation using 100 ng/ml of TNFa and
IFNy (Figure 19b and c). Meanwhile change of IL-1p concentration seems to have minor

impact on primary cilia increase (Figure 19a).
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Regarding these results, I hypothesized that stimulation of NHEK using Th2 and Th17
cytokines, which were upregulated in atopic dermatitis and psoriasis, influenced primary
cilia formation in primary Kkeratinocyte culture. Although Thl cytokines produced
contrasting results, this outcome may explain the molecular mechanism of the increase in

ciliated cells found in the epidermis of atopic dermatitis and psoriasis skin samples.

3.5 Downregulation of ciliary protein associated with differentiation protein, in
particular desmoglein-1 and affected JNK signaling pathway in primary

keratinocyte

The next concern is related to the impact of ciliogenesis increase in NHEK regarding the
biological aspect of keratinocyte cell. To answer this condition, | made a cilia depleted
model in NHEK by downregulating several cilia-related proteins. Earlier study has shown
that ciliogenesis is influenced by not only IFT proteins but also a kinesin protein such as
KIF3A“. I performed siRNA knockdown to inhibit several cilia-related proteins such as
IFT88, KIF3A and ARL13B. Each siRNA contains sets (Table 2) of small RNA
interference sequence and | selected the most effective sequence that gives maximum
downregulation in mRNA level. Figure 20 describes the decreased mRNA expression
level of IFT88, ARL13B and KIF3A. Although all sets of IFT88 gave optimum
downregulatory outcome (Figure 20a), not all provided sequences of ARL13B and
KIF3A inhibit the mRNA expression. Among them, siARL13B number 4 and siKIF3A
number 2 gave maximum inhibition of MRNA expression (Figure 20b and c). Together
with this particular sequence (SIARL13B #2 and siKIF3A #4), | opted to use silFT88 #2
in subsequent experiment to check the protein expression levels of IFT88, ARL13B, and
KIF3A. Similar to quantitative real time PCR result, protein expression levels of IFT88,

ARL13B, and KIF3A were decreased in comparison with either control or siRNA control
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(Figure 21a-c). The effect of ciliary protein downregulation on primary cilia formation in
NHEK is also shown using ICC image in Figure 21d and e. In this experiment, | used
silFT88 and IL-13 stimulation that represented the cause of primary cilia depletion and
increase. Significant decrease in ciliated cell number was observed after silFT88
treatment even after the stimulation of NHEK using IL-13 (Figure 21d and €). IFT88 was
previously shown as an essential component in ciliogenesis®®. Additionally, to mimic
inflammation condition in general, 1L-13 was used as it shows dominant factor found in

atopic dermatitis but not in the lesional psoriasis®.

Next, | performed a DNA microarray experiment using NHEK culture under ciliary
protein (ARL13B, IFT88, or KIF3A) knockdown; with or without 1L-13 stimulation for
48 h. Each treatment was compared with a control condition. By comparing the
differentially expressed genes in keratinocyte after IL-13 stimulation and ciliary protein
knockdown in IL-13 treated culture, | observed a total of 49 genes were associated with
functional role of primary cilia (Figure 22 a and b; Table 4) These sets of genes related

with the increase of primary cilia after stimulation of IL-13 in NHEK.

Among these genes, | found keratinocyte structural protein desmoglein-1 which is
correlated with atopic dermatitis and pustular psoriasis pathophysiology®°2. Next I
attempted to check desmoglein-1 expression in NHEK after IFT88 knockdown under
inflammation cytokines stimulation. In this experiment, | also used Th17 cytokines (IL-
17A and IL-22) besides IL-13 to represent the inflammation condition found in psoriasis.
The knockdown of IFT88 significantly reduced the protein expression level compared
with siCtrl even after cytokines stimulation, as shown by western blot result in Figure 23a
and subsequent quantitative analysis in Figure 23b. Interestingly, 1 noticed that the

downregulation of IFT88 affected the desmoglein-1 expression level in NHEK cells,
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meanwhile stimulation with IL-13, IL-17A, and IL-22 showed a tendency to

downregulate desmoglein-1 (Figure 23c and d).

Previous studies already showed that multiple signaling mechanisms modulate
keratinocyte differentiation®®**. To understand the effect of primary cilia depletion (by
IFT88 knockdown) and inflammatory cytokines stimulation (represented by IL-13) on
signaling pathway cascade in keratinocytes, | run a bioplex experiment, which was able
to screen multiple signaling protein expressions based on the immunoassay method. The
screening revealed that a different pattern was found in the phosphorylation ratio of c-Jun
and JNK, in which IL-13 stimulation increases the phosphorylation rate and
downregulates after IFT88 knockdown (Figure 24c and d). Dissimilar results found in the
ratio of AKT phosphorylation and another MAPK signaling phosphorylation, P38 (Figure
24a and b). Based on these results, | evaluated the effect of 1L-13, IL-17A, and IL-22
stimulation and IFT88 downregulation on phosphorylated JNK. Time-dependent NHEK
cell stimulation by Th2 (IL-13) and Th17 (IL-17A and IL-22) cytokines in conditions
under which IFT88 was blocked were evaluated by western blot analysis (Figure 25a).
Phosphorylated JNK expression was inhibited by abolishing IFT88 expression in NHEK
cells, even after stimulation with cytokines for 48 h, which increases phosphorylated JINK,
particularly IL-13 and IL-17A (Figure 25b). These inhibitory effects by IFT88
knockdown were not found in another MAPK pathway, phosphorylated P38 (Figure 26a
and b). These findings suggest that JNK activation plays an essential role in skin
inflammation. The present results indicate that JINK phosphorylation is modulated by
IFT88 expression and may result from the primary cilia increase in atopic dermatitis and

psoriasis.
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3.6 Analysis of keratinocyte differentiation protein (Loricrin and Desmoglein-1) in
regards with ciliated cell in the epidermis of normal, atopic dermatitis, and psoriasis

skin sample

The next question to be addressed is the possible effect regarding the increase in ciliated
cells found in the atopic dermatitis and psoriasis skin samples. In skin inflammation,
keratinocyte differentiation is disturbed as a consequence of multiple molecular
interplay®. In previous study, | found a correlation between ciliated cell number and
loricrin expression in atopic dermatitis skin®. | sought a similar relationship using
psoriasis skin sample. IHC staining of the psoriasis skin sample using anti-loricrin
antibody was shown in red and primary cilia using anti-ARL13B antibody was shown in
green as presented in Figure 27. Loricrin expression around the granular layer of the
epidermis showed a strong signal in normal samples in which significantly low-almost
no-ARL13B signal was found. Conversely, high number of primary cilia were observed
in the psoriasis sample with a downregulated expression of Loricrin. However, both of
these proteins were not colocalized since the dominant distribution of primary cilia was
located around the basal layer whereas loricrin was expressed upon the granular layer of

the epidermis.

I also sought alternative possibilities using another marker of keratinocyte differentiation.
In the previous result section, | presented a plausible relationship between primary cilia
(ciliary proteins) with desmoglein-1. Recently, desmoglein-1 has been associated with
severe dermatitis and also found to be involved in pustular psoriasis®*®°. Figure 28 shows
the result of the desmoglein-1 expression level related to primary cilia number in normal,
atopic dermatitis, and psoriasis skin samples. The solid expression of desmoglein-1 in

normal skin presented in clear red, forming cell shape, which indicates desmoglein-1
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function regarding cell-to-cell adhesion. However, in atopic dermatitis and psoriasis skin
samples, this structure was not clearly found (Fig. 28, middle and right panels, second
and third rows) despite increased cilia-like structure shown in the magnified images.
However, primary cilia were found to not colocalize with desmoglein-1. The presentation
of ciliated cell number and the expression of loricrin and desmoglein-1 in diseased skin
compared with that in normal skin may point out the potential role of primary cilia in
modulating keratinocyte differentiation, which is decimated in skin inflammation. Taken

together, all of the obtained results may suggest a role for primary cilia in the epidermis.
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4. Discussion

In the present study, observation of primary cilia in the normal and diseased skin samples
together with in vitro experiments using primary keratinocytes revealed a probable role
of primary cilia modulation in skin inflammation conditions. Ciliated keratinocyte
increase was found around the basal layer of the epidermis in atopic dermatitis and
psoriasis skin samples compared with that in normal skin samples. Additionally, increase
of primary cilia found in diseased skin may associated with differentiation protein,
loricrin and desmoglein-1 expression in the epidermis. An interesting finding was
observed after NHEK stimulation using Th2 and Th17 cytokines, which significantly
increased the number of ciliated cells. Furthermore, functional analysis of cilia-related
protein suggested a plausible association of primary cilia to desmoglein-1 expression and
phosphorylation of SAPK/JNK protein in primary keratinocytes. These results indicate a
particular role of epidermal cilia related to the keratinocyte differentiation in skin

inflammation pathophysiology.

4.1 Ciliated cell increase found around the basal cell layer in the epidermis of atopic

dermatitis and psoriasis skin samples

Primary cilia are known to have essential function in skin development. Earlier study
showed that primary cilia play a vital role in keratinocyte differentiation as the hub of
important signaling pathways involved in the proliferation and differentiation of skin
cells®®. Primary cilia are also known to regulate Notch signaling in the basal layer and
lower part of the suprabasal layer during epidermal development®®. Moreover,
keratinocyte cilia have an important function in skin homeostasis and may increase in

response to environmental stress such as inflammation condition®. From previously
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published research, primary cilia have shown a regulatory role for cell and tissue
organization®’. In addition, intu, an important gene for regulation of keratinocyte
organization in the epidermis, also involved in the formation of primary cilia in
keratinocyte®®. Despite the discovery of primary cilia actions in the development and
homeostasis of keratinocytes, the role of epidermal cilia in skin disorders remains unclear.
The findings of this study indicate a significant increase in the number of primary cilia in
the epidermal skin of patients with atopic dermatitis and those with psoriasis compared
to those with normal skin.

Since primary cilia are known regulate multiple signaling cascades, it may have a
substantial role in the pathophysiology of skin inflammation. Epidermal hyperplasia,
which is one of clinical signs commonly found among atopic dermatitis and psoriasis
patients, resulted from the overproliferation of keratinocyte in the epidermis®. Previous
study pointed out that the activation of keratinocyte proliferation leads to epidermal
hyperplasia through epidermal growth factor receptor (EGFR) modulation®. Primary
cilia were known to regulate EGFR, and even in several organs, receptors that involved
in EGFR signaling were found in primary cilia®?. The findings from other reports
supported a possibility of primary cilia role in skin inflammation related to EGFR
regulation in keratinocyte. However, | could not find any clear change in EGFR and other
related protein in the experiments.

4.2 Increase in ciliated cells also found after Th2 and Th17 cytokines stimulation in
NHEK

To comprehend the process of primary cilia formation in keratinocyte, | cultured NHEK
under serum starvation incubation. Serum starvation condition has shown to increase

primary cilia formation in various kinds of cells®. Similarly, the induction of ciliated cells
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in keratinocyte by increasing Ca?* is also demonstrated in earlier study®4. Since calcium
also induces keratinocyte differentiation?®, | opted to omit this factor during keratinocyte
stimulation using pro-inflammatory cytokines. Moreover, atopic dermatitis and psoriasis
skin observation showed that most ciliated cells were found along the basal cell layer in
which the differentiation is not the main phenotype of keratinocyte in this spatial
circumstance®. In this study, | found that optimal primary cilia growth was observed in
24-48 h of incubation. This result was applied for the analysis of pro inflammatory

cytokines stimulation on primary cilia formation in keratinocyte.

Recognized as the most common skin inflammation disorders, atopic dermatitis and
psoriasis are characterized by inflammatory episodes leading to skin barrier destruction.
The inflammation condition mainly is resulted from overexpressed pro-inflammatory
cytokines such as Thl cytokines (IL-1f, TNFa, and IFNy) and Th2 cytokines (IL-4 and
IL-13) particularly increased in atopic dermatitis, as well as Th17 cytokines (IL-17A and
IL-22) increased in psoriasis. In this study, | found that stimulation of keratinocyte with
IL-4, IL-13, IL-31, IL17A, and IL-22 significantly increase the primary cilia formation
while Thl cytokines (IL-1B, TNFa, and IFNy) did not raise the ciliogenesis in
keratinocyte. These result open a novel possibility of functional impact of pro-

inflammatory cytokines in keratinocyte.

Multiple previous studies have demonstrated a significant role of Th2 cytokines in
altering keratinocyte equilibrium. The activity of Th2 cytokines has been known to
modulate the STAT pathway, undermining the keratinocyte structure and harming skin
barrier functions'*¢-%, Additionally, 1L-13 had been recognized to present a principal
role in atopic dermatitis®®. Similarly, IL-17 and IL-22 stimulation has been shown to

disrupt keratinocyte differentiation which reflects the pathophysiology of psoriasis®®°.
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Previous study revealed that the modulation of keratinocyte by cytokines lead to the
disruption of proliferation-differentiation balance and delayed Kkeratinocyte
maturation*®’-72, Conversely, primary cilia are known to maintain keratinocyte
homeostasis in keeping the stemness ability and to differentiate by producing structural
protective protein®®. Multiple signaling pathways are activated during skin inflammation.
Increased in ciliated cells after Th2 and Th17 stimulation may have resulted from the
modulation of various signaling cascades. | presented the association of IFT88, a
substantial ciliogenesis protein, with the phosphorylation of JNK in keratinocytes (Fig.
25). Moreover, IL-13 and IL-17A increased JNK phosphorylation in keratinocyte as
shown in Figure 25. Since JNK activation was found to be involved in EGFR modulation
during epidermal morphogenesis’®, all of these factors may contribute to the promotion

of cilia formation in keratinocytes.

4.3 IFT88, a substantial ciliary protein, presents an association with Desmoglein-1

and phosphorylation of JINK in primary keratinocytes

From this study, DNA array results showed a group of genes that were associated with
the knockdown of mMRNA involved in cilia formation and the effect of IL-13 stimulation
in keratinocytes. Among that group, some notable gene related to keratinocyte
differentiation proteins was found. Besides desmoglein-1, claudin-4 and corneodesmosin
showed a plausible relation. This is an expected result since claudin-4 was found to be
modulated in atopic dermatitis™ and pathophysiology of atopic dermatitis and psoriasis
is also known to modulate corneodesmosin expression”™’®. Array analysis also pointed
out fold difference for DUSP10 (Table 4), a dual-specificity phosphatase that is

recognized to negatively modulate SAPK/INK pathway’’. In accordance with the

25



published result, screening of the affected signaling cascade also leads to a specific

response shown by c-Jun and JNK phosphorylation based on Bioplex immunoanalysis.

Under specific circumstances, | found that blocking IFT88 expression modulates NHEK
cell response to Th2 (IL-13) and Th1l7 (IL-17A and IL-22) cytokines stimulation by
suppressing JNK phosphorylation. Inhibiting the INK activity has been shown to promote
keratinocyte differentiation’®. As a differentiation protein, desmoglein-1 is identified to
be negatively regulated by EGFR modulation®. Desmoglein-1 expression is found to
decrease in severe atopic dermatitis®. In previous report, desmoglein-1 was shown to be
involved in psoriasis associated with pemphigus foliaceus®?. Additionally, 1L-4 and IL-
13 stimulation in NHEK was shown to release a peptidase class kallikren 7 (KLK7) which
was straightly involved in degradation of desmoglein-18'. From the experiment in this
reasearch, the stimulation of NHEK with IL-13, IL-17, and IL-22 were shown to decrease
desmoglein-1 in both normal and IFT88 downregulated NHEK (Fig. 23, c-d). Since
desmoglein-1 is known to modulate NHEK differentiation’®, this may explain the
association of IFT88 downregulation, which leads to inhibit JINK phosphorylation, with

increase in desmoglein-1 expression in NHEK.

The association of primary cilia increase with the downregulation of desmoglein-1 and
loricrin was also found in skin inflammation samples, as shown in Figures 27 and 28.
Although the co-staining of these keratinocyte structural protein was not found in the
same location, this result might suggest the indirect role of primary cilia in keratinocyte
differentiation. Different result found in the in vitro experiment using NHEK show the
limitations of in vitro studies in terms of the spatial and temporal aspects of keratinocyte

differentiation and proliferation programming.
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Primary cilia increase that was found in the basal epidermis layer of atopic dermatitis and
psoriasis skin samples may have been associated with the modulation of JNK pathway.
Previous study has shown a substantial role of INK in EGFR signaling, which altered
keratinocyte differentiation and was involved in pathophysiology of skin inflammation®.
Tight regulation of keratinocyte differentiation was known to be modulated by JNK
signaling®84, In this study, | demonstrated the relation of primary cilia increase with the
downregulation of structural and terminal differentiation protein in atopic dermatitis and
psoriasis. The JINK pathway is known to be a critical element in inflammatory skin disease,
given that JINK is involved in multiple mechanisms which lead to gap junction and barrier
protein deformation®. Previous studies have established that INK-1 knockout mitigates
the induction of atopic dermatitis in mice®®. JNK activation has been found in psoriatic
skin®’.

The high numbers of primary cilia discovered in the skin with atopic dermatitis and
psoriasis in comparison with that of normal skin provide a novel feature for characterizing
the phenomena of skin inflammation typically regarding keratinocyte differentiation.
Given that primary cilia are crucial cell structures in signaling, they have an influential
role in the alterations of skin architecture caused by stimulant exposure. To summarize,
the modulation of JNK phosphorylation by IFT88 in Th2 and Th17 cytokine-stimulated
NHEK cells is a hypothetical basis for the irregular ciliogenesis observed in atopic
dermatitis and psoriasis, corresponding to a decline in keratinocyte maturation and the
generation of defects in the skin structure (Figure 29). Various pharmaceutical products
have been approved to improve the quality of life which is deteriorated in skin
inflammation disease. However, none of them focusing in modulation of keratinocyte

primary cilia. The findings in this study may contribute to the recognition of epidermal
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cilia role in inflammation for development of novel atopic dermatitis and psoriasis

therapeutic agent through modulation of keratinocyte differentiation.
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Figure 1.1 Inter-correlated relationship between skin protective function, activation of
immune response, and maintenance of keratinocyte supporting epidermal morphogenesis.
Disturbance to one of these component lead to initiate inflammation.
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Normal-1 Normal-2 Normal-3

Figure 1
Fluorescent IHC image of normal skin, stained using anti-Acetylated o Tubulin (Green). The box
indicated the enlarged area shown in the picture on the upper side. Arrowheads show primary cilia.

Scale bar 5 um.
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AD-1 AD-2 AD-3

Figure 2

Fluorescent IHC image of atopic dermatitis skin, stained using anti-Acetylated a Tubulin (Green).
The box indicated the enlarged area shown in the picture on the upper side. Arrowheads show
primary cilia. Scale bar 5 um.
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Psoriasis-1 Psoriasis-2 Psoriasis-3

Figure 3

Fluorescent IHC image of psoriasis skin, stained using anti-Acetylated o Tubulin (Green). The box
indicated the enlarged area shown in the picture on the upperside Arrowheads show primary cilia.
Scale bar 5 pum.
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Figure 4

Fluorescent IHC image of normal skin, stained using anti-Pericentrin (Red) and anti-ARL13B

(Green). White dash shows the basal line, upper part of the dash indicates the epidermis whereas

dermis area located below the dash. The box indicated the enlarged area shown in the picture on the
upper side. Arrowheads show primary cilia. Scale bar 10 pum.
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AD-1 AD-2

Figure 5
Fluorescent IHC image of atopic dermatitis skin, stained using anti-Pericentrin (Red) and anti-

ARL13B (Green). White dash shows the basal line, upper part of the dash indicates the epidermis
whereas dermis area located below the dash. The box indicated the enlarged area shown in the
picture on the upper side. Arrowheads show primary cilia. Scale bar 10 pm.
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Psoriasis-1 Psoriasis-2 Psoriasis-3

Figure 6

Fluorescent IHC image of psoriasis skin, stained using anti-Pericentrin (Red) and anti-ARL13B
(Green). White dash shows the basal line, upper part of the dash indicates the epidermis whereas
dermis area located below the dash. The box indicated the enlarged area shown in the picture on the
upper side. Arrowheads show primary cilia. Scale bar 10 pum.
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Figure 7

Fluorescent IHC image of normal, AD, and psoriasis skin, stained using anti-K14 (Red) and anti-
ARL13B (Green). White dash shows the basal line, upper part of the dash indicates the epidermis
whereas dermis area located below the dash. The box indicated the enlarged area shown

in the
picture on the upper side. Arrowheads show primary cilia. Scale bar 50 um (upper panel) 10 pm
(lower panel).
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Figure 8

Fluorescent IHC image of normal, AD, and psoriasis skin, stained using anti-K15 (Red) and anti-
ARL13B (Green). White dash shows the basal line, upper part of the dash indicates the epidermis
whereas dermis area located below the dash. The box indicated the enlarged area shown in the

picture on the upper side. Arrowheads show primary cilia. Scale bar 50 um (upper panel) 10 pum
(lower panel).
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Figure 9

(a) Statistical analysis of ciliated cell percentage calculation in normal and AD skin. About 500-700
cells from several locations of epidermal area were observed using confocal imaging. The number of
primary cilia and cells in each picture were counted using Imagel. Bar graph shows median. **** P <
0.0001 (Mann Whitney U-Test). (b) Length of primary cilia both in normal and AD skin. Approximately

500-700 cells from several locations of epidermal area were observed using confocal imaging, lengths
of observed cilia were measured using ImageJ software.
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Figure 10

(a) Statistical analysis of ciliated cell percentage calculation in normal and psoriasis skin. About 500—
700 cells from several locations of epidermal area were observed using confocal imaging. The
number of primary cilia and cells in each picture were counted using Imagel. Bar graph shows
median. *** P < 0.005 (Mann Whitney U-Test). (b) Length of primary cilia both in normal and
psoriasis skin. Approximately 500-700 cells from several locations of epidermal area were observed
using confocal imaging, lengths of observed cilia were measured using ImageJ software.
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b. Serum Starvation
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Figure 11

12 Hours time point analysis of ciliogenesis in primary keratinocyte. Cells were grown in (a)
normal serum and (b) serum starvation condition. NHEK were stained using anti-FOP (Green)
and anti-ARL13B (red). Images were taken with a confocal microscope and were used to count
the number of ciliated cells. The head arrow shows the primary cilia. Box indicates the enlarged
area shown in the upper part of each picture. Scale bar = 10 um.
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Figure 12

The ciliated cell percentage calculation in NHEK in 12 hours time point (for total 2 days

experiment). Images from previous figure (Fig. 13) were used to count the number of
ciliated cells..
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Figure 13

(@) 2 days time point analysis of ciliogenesis in primary keratinocyte. Cells were grown in
serum starvation condition. NHEK were stained using anti-FOP (Green) and anti-ARL13B (red).
Images were taken with a confocal microscope and were used to count the number of ciliated
cells. The head arrow shows the primary cilia. Box indicates the enlarged area shown in the
upper part of each picture. Scale bar = 10 um. (b) The percentage of ciliated cell in serum
starvation condition in 2 days (for total 6 days experiment).
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(a) After 48-hour stimulation with Th2 cytokines (IL-4, IL-13, and IL-31), NHEK were stained
using anti-ARL13B (red). Images were taken with a confocal microscope and were used to count the
number of ciliated cells. The head arrow shows the primary cilia. Box indicates the enlarged area
shown in the upper part of each picture. Scale bar = 10 um.
(b) The percentage of ciliated cells after NHEK stimulation using IL-4, IL-13, or IL-31. About 200-
300 cells from several points on the culture slide were observed using confocal imaging. The
number of primary cilia and cells in each picture counted using ImageJ software. Bar graph shows
median. * P < 0.05, ** P < 0.005, **** P < 0.0001 (Bonferonni’s test). (c) Cilia length in primary
keratinocyte was measured using ImageJ after NHEK stimulation using IL-4, 1L-13, and IL-31
cytokines. No significant difference was found compared to control.
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Figure 15
The ciliated cell percentage calculation in NHEK stimulated with Th2 cytokines in various
concentration. About 200-300 cells from several points on the culture slide were observed
using confocal imaging. The number of primary cilia and cells in each picture were counted

using ImageJ. The cells were stimulated using (a) 1L-4, (b) IL-13, (c) IL-31. .
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Figure 16

(a) After 48—hour stimulation with Th17 cytokines (IL-17A and IL-22), NHEK were stained using
anti-ARL13B (red). Images were taken with a confocal microscope and were used to count the
number of ciliated cells. The head arrow shows the primary cilia. Box indicates the enlarged area
shown in the upper part of each picture. Scale bar = 10 um.

(b) The percentage of ciliated cells after NHEK stimulation using IL-17A or IL-22. About 200—
300 cells from several points on the culture slide were observed using confocal imaging. The
number of primary cilia and cells in each picture counted using ImageJ software. Bar graph shows
median. * P < 0.05 (Bonferonni’s test). (c) Cilia length in primary keratinocyte was measured

using ImageJ after NHEK stimulation using IL-17A and IL-22 cytokines. No significant difference
was found compared to control.
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Figure 17
The ciliated cell percentage calculation in NHEK stimulated with Th17 cytokines in various
concentration. About 200-300 cells from several points on the culture slide were observed

using confocal imaging. The number of primary cilia and cells in each picture were counted
using ImagelJ. The cells were stimulated using (a) IL-17A (b) IL-22.
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Figure 18

(a) After 48-hour stimulation with Thl cytokines (IL-1B3, TNFa, and IFNy), NHEK were stained
using anti-ARL13B (red). Images were taken with a confocal microscope and were used to count
the number of ciliated cells. The head arrow shows the primary cilia. Box indicates the enlarged
area shown in the upper part of each picture. Scale bar = 10 pum.

(b) The percentage of ciliated cells after NHEK stimulation using IL-1f, TNFa, or IFNy. About
200-300 cells from several points on the culture slide were observed using confocal imaging. The
number of primary cilia and cells in each picture counted using ImageJ software.
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Figure 19
The ciliated cell percentage calculation in NHEK stimulated with Thl cytokines in various
concentration. About 200-300 cells from several points on the culture slide were observed using
confocal imaging. The number of primary cilia and cells in each picture were counted using ImageJ.

The cells were stimulated using (a) IL-1p (b) TNFa, (c) IFNy. -
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MRNA expression of multiple ciliary protein after siRNA knockdown experiment.
Decrease of mMRNA expression observed in several SIRNA subtype (not all type in the
SiRNA set). mRNA expression in siRNA knockdown of (a) IFT88, (b) ARL13B, and
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Figure 21

Ciliary Protein expression after siRNA knockdown experiment. Decrease of protein
expression (compared either with Ctrl or siCtrl) observed in several siRNA knockdown of
(@) IFT88, (b) ARL13B, and (c) KIF3A. (d) and (e) Immunostaining shows a decrease in
the ciliated cell numbers after IFT88 expression was knocked down using siRNA in
NHEK. * P < 0.05, ** P < 0.005 (Bonferonni’s test). Images were captured with a
confocal microscope, and were used to count the number of ciliated cells. The head arrow

shows the primary cilia. Box indicates the enlarged area shown in the upper part of each
picture. Scale bar = 10 um
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Figure 22

Venn diagram showed differential expressed genes which are detected by microarray.
Total of 49 genes (a) Upregulated; 8 genes and (b) Downregulated; 41 genes, were
affected after downregulation of primary cilia related genes (ARL13B, IFT88, or
KIF3A) under stimulation of IL-13 (fold change were compared to Ctrl and siCtrl).
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Figure 23
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(a) and (b) Western blot results showing the significant downregulation of IFT88 protein
after siRNA knockdown, also in IL-13, IL-17a and IL-22 stimulation, as statistically
analyzed by Bonferonni’s test (**** P < 0.0001). Fold change based on siCtrl value. (c) and
(d) Th2 and Thl7 cytokines stimulation on NHEK caused the downregulation of Dsgl.

IFT88 knockdown upregulated Dsgl expression. Fold change based on siCtrl value.
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Figure 25

(@ and (b) Western blot analysis show the downregulation of
JNK' phosphorylation was found as consequence of IFT88
knockdown.
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Figure 26

(@ and (b) Western blot analysis show the expression of P38
phosphorylation which was not affected as much as JNK
phosphorylation after IFT88 knockdown.
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Normal

Psoriasis

Figure 27

Fluorescent IHC image of normal and psoriasis skin, stained using anti-loricrin (Red) and anti-
ARL13B (Green). White dash shows the basal line, upper part of the dash indicates the epidermis
whereas dermis area located below the dash. The box indicated the enlarged area shown in the
picture on the left side of each picture. Arrowheads show primary cilia. Scale bar 25 pum (normal
skin, left panel) 50 um (psoriasis skin, left panel), 10 um (middle and right panel).
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Figure 28
Fluorescent IHC image of normal, AD, and psoriasis skin, stained using anti-desmoglein 1 (Red)

and ARL13B (Green). White dash shows the basal line, upper part of the dash indicates the
epidermis whereas dermis area located below the dash. The box indicated the enlarged area shown
in the picture on the left side of each picture. Arrowheads show primary cilia. Scale bar 50 pm (left

panel), 10 um (middle and right panel).
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Over formation of primary cilia
during inflammation->
modulate stress signaling (JNK)
and involved in deregulation of
keratinocyte differentiation
(desmoglein-1) ?
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Figure 29

Possible schematic mechanism ruled by primary cilia in akin inflammation (atopic dermatitis and
psoriasis). As IFT88, ciliogenesis protein, show association with JNK phosphorylation and modulate
desmoglein-1, primary cilia have important role in the progression of skin inflammation.
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Table 1.

List of antibody product used in immunohistochemistry (IHC) and

immunocytochemistry (ICC)

experiment.

Purpose Primary Antibody Company Catalog Number | Dilution
IHC |Anti-Acetylated o tubulin  [Millipore Sigma T7451 1:1000
IHC |Anti-Pericentrin Abcam ab220784 1:2000
IHC |Anti-ARL13B Abcam ab136648 1:500
IHC |Anti-Cytokeratin 14 (K14) [Abcam ab7800 1:100
IHC |Anti-Cytokeratin 15 (K15) [Abcam ab52816 1:100
IHC |Anti-Loricrin Abcam ab176322 1:250
IHC |Anti-Desmoglein 1 Abcam ab124798 1:250
ICC |Anti-FOP Abnova H00011116-M01 | 1:1000
ICC |Anti-CEP164 Santa Cruz Biotechnology |sc-515403 1:250
ICC |Anti-ARL13B Proteintech 17711-1-AP 1:1000




Table 2.

List of sSiRNA sequence used in the RNA interference experiment.

SIRNA Sense Anti Sense

IFT88(1) CCAAGUGUCAAUAAGCAAAT UUUGCUUAUUGACACUUGGaa
IFT88(2) GGUAGCUAGUUGUUUCAGA(t UCUGAAACAACUAGCUACCat
ARL13B(1) GAACGCAUCCAAAAAGAGALt UCUCUUUUUGGAUGCGUUCat
ARL13B(2) GCAGUUAAAGAAUGAAGAULt AUCUUCAUUCUUUAACUGCtg
ARL13B(3) GAGCUGAACGAGUGCGAAA(t UUUCGCACUCGUUCAGCUCTtt

ARL13B(4) GGACUAGUAGAAAAUUAUALt UAUAAUUUUCUACUAGUCCaa
ARL13B(5) CAGCUAAUGGUAAAAAGAATt UUCUUUUUACCAUUAGCUGat
KIF3A(1) GCAUUGAUGGUAAGAUGCA(t UGCAUGUUACCAUCAAUGCct
KIF3A(2) GCAUAUGGACAAACCGGAALt UUCCGGUUUGUCCAUUAGCaa
KIF3A(3) CUAUCAGUACAUUACGGUATt UACCGUAAUGUACUGAUAGtt




Table 3.

List of primer sequence used in the gRT-PCR experiment.

Primer Forward Reverse
IFT88 TCGGCTAGATGAGGCTTTGGAC CACTGACCACCTGCATTAGCCA
ARL13B GAACCAGTGGTCTGGCTGAGTT GTTTCAGGTGGCAGCCATCACT
KIF3A CTGATATCAGTGGGTCAGAGGA TCCAGCAAAGACTGATGCTCT
18S CGGCTACCACATCCAAGGAA AGCTGGAATTTTACCCGCGGC




Table 4.
List of affected (a) Upregulated and (b) Downregulated genes which show correlation with
ARL13B, IFT88, or KIF3A knockdown; and IL-13 stimulation in primary keratinocyte.

a.
ID Gene Symbol Description

203439 s_at |[STC2 stanniocalcin 2
204126_s_at |CDC45 cell division cycle 45
204463 _s_at |EDNRA endothelin receptor type A
204464 _s_at |EDNRA endothelin receptor type A
210809_s_at |POSTN periostin, osteoblast specific factor
216235_s_at |EDNRA endothelin receptor type A
220892_s_at |PSAT1 phosphoserine aminotransferase 1
1555778 _a_at |POSTN periostin, osteoblast specific factor

b.

ID Gene Symbol Description

203845 _at KAT2B K(lysine) acetyltransferase 2B
209373_at MALL mal, T-cell differentiation protein-like
1558105_a_at [SLCO9A7 solute carrier family 9, subfamily A (NHE7, cation proton antiporter 7), member 7
206193 s _at |CDSN corneodesmosin
220620 _at CRCT1 cysteine rich C-terminal 1
206884 _s_at |SCEL sciellin
232056_at SCEL sciellin
1554921 a_at |SCEL sciellin
205730_s_at |ABLIM3 actin binding LIM protein family, member 3
1564307_a_at |A2ML1 alpha-2-macroglobulin-like 1
222242 s_at |KLK5 kallikrein related peptidase 5
212531 _at LCN2 lipocalin 2
205680 _at MMP10 matrix metallopeptidase 10
231579 s_at [TIMP2 TIMP metallopeptidase inhibitor 2
209792_s_at |KLK10 kallikrein related peptidase 10
203757_s_at |CEACAMG6 carcinoembryonic antigen-related cell adhesion molecule 6 (non-specific cross reacting antigen)
211657 _at CEACAM6 carcinoembryonic antigen-related cell adhesion molecule 6 (non-specific cross reacting antigen)
243463_s_at |RIT1 Ras-like without CAAX 1
213927_at MAP3K9 mitogen-activated protein kinase kinase kinase 9
202935_s_at [SOX9 SRY box 9
236313_at CDKN2B cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4)
203571_s_at |ADIRF adipogenesis regulatory factor
204734 _at KRT15 keratin 15, type |
238550 _at RUFY2 RUN and FYVE domain containing 2
230760_at ZFY zinc finger protein, Y-linked
235165_at PARD6B par-6 family cell polarity regulator beta
215501_s_at |DUSP10 dual specificity phosphatase 10
221563 _at DUSP10 dual specificity phosphatase 10
229114 at GAB1 GRB2-associated binding protein 1
226158 _at KLHL24 kelch-like family member 24
203453_at SCNN1A sodium channel, non voltage gated 1 alpha subunit
206642 _at DSG1 desmoglein 1
1552797 _s_at |PROM2 prominin 2
237690 _at ADGRF4 adhesion G protein-coupled receptor F4
201428 _at CLDN4 claudin 4
219795 _at SLC6A14 solute carrier family 6 (amino acid transporter), member 14
226189 at ITGB8 integrin beta 8
228221 at SLC44A3 solute carrier family 44, member 3
210065_s_at |UPK1B uroplakin 1B
219756_s_at |POF1B premature ovarian failure, 1B
227272_at C150rf52 chromosome 15 open reading frame 52
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