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Background: Psoriasis is a chronic inflammatory skin
disease. The etiology of psoriasis is not fully understood, but
the genetic background is considered to be the most im-
portant factor. To date, many psoriasis-related genes have
been discovered, but the role of many important genes has
not been well understood. Objective: The purpose of this
study is to uncover possible roles of MDA5 in psoriasis.
Methods: Expression of MDA5 was investigated using
immunohistochemistry. Then, MDA5 was overexpressed in
keratinocytes using a recombinant adenovirus. Results: As a
result of immunohistochemical staining, the expression of
MDAS5 was significantly increased in the epidermis of psor-
iasis compared to normal skin. Similarly, the expression of
MDA5 was increased in imiquimod-induced psoriasiform
dermatitis model. In cultured keratinocytes, toll-like receptor
3 agonist poly(l:C) induced expression of MDA5 at both
mRNA and protein levels. When MDA5 was overexpressed
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using a recombinant adenovirus, poly(l:C)-induced cytokine
expression was significantly increased. Finally, MDA5 over-
expression significantly inhibited calcium-induced differ-
entiation of keratinocytes. Conclusion: These results suggest
that MDAD5 increases in psoriasis and negatively regulates
keratinocyte differentiation. (Ann Dermatol 33(4) 339 ~ 344,
2021)
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INTRODUCTION

Psoriasis is an inflammatory skin disease characterized by
erythematous plaques with silvery scales'”. Although the
pathogenesis of psoriasis is not fully understood, much
evidence supports that psoriasis is a T cell-mediated dis-
ease and closely related to dysregulated keratinocyte dif-
ferentiation>*. For example, interleukin (IL)-17 and I1L-22
produced by T helper 17 cells mediate epidermal hyper-
plasia and tissue inflammation inherent in psoriasis’. In
addition, numerous studies have shown that epidermal
keratinocytes also play an important role in the patho-
genesis of psoriasis. Stimulation of keratinocytes with vari-
ous pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) activates
innate immunity and produces inflammatory cytokines
that can cause and worsen psoriasis®®.

In addition to dysregulation of the immune system, the ge-
netic background is considered the most important factor
causing psoriasis. For example, linkage analysis identifies
distinct disease-sensitive regions on the chromosome
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called PSORS1 through PSORS7’. In another example, a
genome-wide association study (GWAS) identifies new
psoriasis-sensitive loci that carry genes with recognized
immune functions such as IL28RA, REL, MDA5, ERAP1,
TRAF3IP2, NFKBIA, and TYK2'.

In this study, we selected MDA5 (melanoma differ-
entiation-associated protein 5) and investigated its putative
role in keratinocytes. MDAS5 is the cytosolic RNA sensor
that plays an important role in recognizing antigens that
induce innate immunity''. Although identified as a psor-
iasis sensitive gene, the putative functional role of MDA5
in keratinocytes is still unclear. Our data show that MDA5
enhances the inflammatory reaction of keratinocytes, but
inhibits keratinocyte differentiation.

MATERIALS AND METHODS

Immunohistochemistry

Human skin tissues were obtained with the donors’ writ-
ten consent in accordance with the ethics committee ap-
proval procedure of the Chungnam National University
Hospital Institutional Review Board (IRB number: 2016-
07-009). Skin tissues were fixed in 10% formaldehyde and
embedded in paraffin. The paraffin-embedded sections
were de-waxed, re-hydrated and incubated overnight at
4°C with anti-MDA5 antibody (Abcam, Cambridge, MA,
USA). After washing, sections were incubated with perox-
idase-conjugated secondary antibody (Dako, Carpinteria,
CA, USA) and visualized with Chemmate envision detection
kit (Dako).

Animal test

The imiquimod-induced psoriasiform dermatitis model
was created based on the previously reported method'*".
Male BALB/c mice, 6 to 8 weeks old, were purchased
from OrientBio (Seongnam, Korea). Psoriasiform skin der-
matitis was induced by topical application of 5% imiqui-
mod cream (Aldara; Dong-A ST, Seoul, Korea) daily for 7
days. All animal experiments were approved by Chungnam
National University Institutional Animal Care and Use
Committee (CNU-00639).

Cell culture

Keratinocytes were isolated from donated skin tissue and
immortalized using a retrovirus carrying Simian virus 40
large T antigen. Immortalized keratinocytes were cultured
in keratinocyte-serum free medium supplemented with
bovine pituitary extract (BPE) and recombinant human epi-
dermal growth factor (rhEGF) (Life Technologies Corpora-
tion, Grand Island, NY, USA). When the cells reached about
70% confluence, they were exchanged with MCDB153
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medium (Welgene, Gyeongsan, Korea) supplemented with
BPE and rhEGF. After incubation overnight, cells were treat-
ed with 1 2g/ml poly(l:C) (InvivoGene, San Diego, CA, USA).

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated and cDNA was prepared using
Moloney murine leukemia virus reverse transcriptase
(MMLV-RTase; Elpis Biotech, Daejeon, Korea). A portion
of cDNA was taken and used for the PCR reaction. For
quantitative real-time PCR, SYBR Green mixture (Elpis
Biotech, Daejeon, Korea) was used for the amplification
reaction. The sequences of primers were as follows; MDA5,
5'-CTGCTGCAGAAAACAATGGA and 5'-TGCCCATGTTG
CTGTTATGT; tumor necrosis factor (TNF)-a, 5'-CTCCTTC
AGACACCCTCAACCT and 5'-CGACCCTAAGCCCCCAA
TT; IL-6, 5'-CTGCGCAGCTTTAAGGAGTTC and 5'-CCAT
GCTACATTTGCCGAAGA; IL-8, 5'-CCTTTCCACCCCAAA
TTTATCA and 5'-TTTCTGTGTTGGCGCAGTGT; C-C mo-
tif chemokine ligand 20 (CCL20), 5'-CCACCTCTGCGGCG
AAT and 5'-TGTGTATCCAAGACAGCAGTCAAA; involuc-
rin, 5'-CCACTGGCTCCACTTATTTCG and 5'-GGACAGA
GTCAAGTTCACAGATGAG; filaggrin, 5'-CGAAGGAGCC
AAAAATATAAAACAG and 5'-GATGTGCTAGCCCTGATG
TTGA; keratin1, 5'-GGCTATGACCCTGCTTTGTTCT and 5'-
TCATGTGGGTGGTGGTCACT; SPRR1A, 5-GCCTCTGC
GTAAGGCTGAAC and 5'-TGCACCCGAGCAACAAGAA;
GAPDH, 5'-TGCACCACCAACTGCTTAGC and 5'-GGCA
TGGACTGTGGTCATGAG.

Western blot

Cellular protein was extracted using cell lysis buffer
(Intron, Daejeon, Korea). The protein was separated on so-
dium dodecyl sulfate-polyacrylamide gels and transferred
to nitrocellulose membranes (Pall Corporation, Port Wa-
shington, NY, USA). After blocking with 5% skim milk, the
membrane was sequentially incubated with the primary
antibody and peroxidase-conjugated secondary antibody.
The bands were visualized using enhanced chemilumi-
nescence (Intron). The following primary antibodies were
used: MDA5 (Abcam); involucrin, filaggrin (Santa Cruz Bio-
technology, Santa Cruz, CA, USA); £-Actin (Sigma-Aldrich,
St. Louis, MO, USA).

Adenovirus creation

Full-coding fragment of MDA5 cDNA was amplified by
PCR with primer sets: 5'-ATGTCGAATGGGTATTCCAC
and 5'-CTAATCCTCATCACTAAATA. The MDA5 cDNA
was subcloned into pENTR/CMV vector, and the repli-
cation-incompetent adenovirus was generated using the
Virapower adenovirus expression system (Life Technologies
Corporation) according to the manufacturer’s protocol.



Statistical analysis

Data were evaluated statistically by one-way ANOVA or
Student’s t-test using IBM SPSS software ver. 22.0 (IBM
Corp., Armonk, NY, USA). Statistical significance was set
to p<0.05.

RESULTS

To investigate the expression of MDA5, immunohisto-
chemical staining was performed on normal and psoriasis
lesion skin tissues. The expression of MDAS5 was not well
observed in normal skin, but was significantly increased in
the epidermis of psoriasis lesion skin (Fig. 1A). To further
investigate the expression of MDAS5 in psoriasis, we used
a well-established imiquimod-induced psoriasiform der-
matitis model'*'*. Consistent with previous reports, top-
ical application of imiquimod increased epidermal thick-
ness and inflammatory cell infiltration. The increase in ep-
idermal thickness reached a peak after about 5 days of ap-
plication of imiquimod, and gradually decreased, returning
to an almost normal level after about 2 weeks. Similarly,
the expression of MDA5 in the epidermis began to in-
crease after imiquimod application, showing the highest
level around 5 days and then gradually decreasing (Fig. 1B).

Psoriasis

A Normal

Inhibition of Keratinocyte Differentiation by ADAS5

To investigate the expression of MDA5 during the innate
immune response of keratinocytes, we used a poly(l:C)-in-
duced keratinocyte inflammation model. Poly(l:C) is a syn-
thetic analog of double-stranded RNA and induces a kera-
tinocyte innate immune response by activating toll-like re-
ceptor 3, which reflects to some extent the state of kerati-
nocytes in psoriasis”'*. As a result of treating poly(l:C) on
keratinocytes, it was confirmed that the expression of MDAS
increased at the mRNA and protein levels (Fig. 2). These
results are consistent with previously reported data'’, sug-
gesting that MDA5 may play a role in the pathogenesis of
psoriasis.

To study the possible role of MDA5 in keratinocytes, we
produced a recombinant adenovirus capable of over-
expressing MDA5. After transduction of adenovirus into
keratinocytes, it was confirmed that the expression of
MDAS5 was increased at the mRNA and protein levels (Fig.
3A). We then investigated the effect of MDAS5 overexpression
on keratinocyte innate immunity. After transduction of ad-
enovirus, we treated keratinocytes with poly(l:C) and ex-
amined the expression of the psoriasis-related cytokine
genes. In the control group transduced with adenovirus
expressing LacZ, poly(l:C) increased the expression of in-
flammatory cytokines such as TNF-a@, IL-6, IL-8, and
CCL20. When MDA5 was overexpressed, poly(l:C)-induced

Fig. 1. (A) Expression of MDA5 in
psoriasis. Skin specimens were ob-
tained from normal volunteer and
psoriatic patient. MDA5 level was
significantly increased in the epi-
dermis of psoriatic patient. Bar=100
2m. (B) Expression of MDA5 in imi-
quimod-induced psoriasiform der-

matitis. BALB/c mice were topically
applied with 5% imiquimod cream
(Aldara) daily for 7 days. After final
application of imiquimod cream,
mice were untreated for 7 days.
Skin specimens were obtained at
the indicated time points and stained

with anti-MDA5 antibody. MDA5
level was increased after imiquimod

treatment and then decreased to
baseline level in a time-dependent
manner. Bar=100 zm. Sections of
skin tissues were incubated with
anti-MDA5 antibody, then visual-
ized using peroxidase/3,3’-diami-
nobenzidine tetrahydrochloride salt
(DAB) detection kit (200x).
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cytokine expression was significantly enhanced (Fig. 3B).
These results indicate that MDA5 has an effect of promot-
ing innate immunity of keratinocytes.

In psoriasis, keratinocyte proliferation increases while cell
differentiation does not occur normally®*. In order to ex-
amine the effect of MDA5 on keratinocyte differentiation,
we overexpressed MDAS5 and then treated with calcium,
the most well-known keratinocyte differentiation inducer.
In control adenovirus (Ad/LacZ)-transduced cells, calcium

A B
Poly(l:C) - + Poly(I:C)
MDA5 MDA5
GAPDH B-actin

Fig. 2. Expression of MDA5 in human keratinocytes. (A)
Keratinocytes were treated with 1 2 g/ml poly(l:C) for 2 hours,
and then mRNA level was measured by reverse transcrip-
tion-polymerase chain reaction. (B) Cells were treated with
poly(l:C) for 24 hours and then cellular extract was obtained.
The protein level of MDA5 was examined by Western blot.
Poly(I:C) increased MDA5 at both mRNA and protein levels.

increased mRNA levels of differentiation markers, includ-
ing involucrin, filaggrin, keratin 1, and SPRRTA. In con-
trast, mRNA expression of the differentiation marker was
significantly suppressed by MDA5 overexpression (Fig.
4A). Consistent with these results, protein levels of in-
volucrin and filaggrin were significantly inhibited by
MDAJ5 overexpression (Fig. 4B). These results suggest that
MDAS5 acts as a negative regulator for keratinocyte differ-
entiation.

DISCUSSION

Psoriasis is a skin disease associated with T-cells, but re-
cent studies have shown that epidermal keratinocytes also
play an important role in the pathogenesis of psoriasis. In
particular, it has been found that the innate immune re-
sponse of keratinocytes induced by PAMPs or DAMPs
may be the primary event of psoriasis development’.
Among several substances that can induce innate im-
munity of keratinocytes, double-stranded RNA is released
from damaged cells and then acts as DAMP or can be pro-
vided as PAMP by viral infection'®. Pathogenic dou-
ble-stranded RNA binds to the cytoplasmic sensor MDA5
and induces oligomerization of MDADb5. This activated
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Fig. 3. Effect of MDA5 overexpression on poly(l:C)-induced cytokine expression. (A) Keratinocytes were transduced with adenovirus
expressing MDADb. Expression of MDA5 was increased at both mRNA and protein levels by transduction of adenovirus. Adenovirus
expressing LacZ was used as negative control. (B) After overexpression of MDA5, cells were treated with poly(l:C) for 2 hours. The
mRNA level was determined by quantitative reverse transcription-polymerase chain reaction (RT-PCR). Poly(l:C)-induced cytokine
expression was significantly increased by overexpression of MDAS. Data are expressed as fold induction. The mean values (+standard
deviation) are averages of triplicate measurements. Ad: adenovirus, CCL: C-C motif chemokine ligand, TNF: tumor necrosis factor,

IL: interleukin. *Statistically significant (p<0.05).
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Fig. 4. Effect of MDA5 on keratinocyte differentiation. (A) Keratinocytes were transduced with adenovirus expressing MDAS. After
overexpression of MDADb, cells were treated with 1.2 mM calcium for 5 days. The mRNA levels of the differentiation markers were
determined by quantitative real-time polymerase chain reaction. Data are expressed as fold induction. The mean values (+standard
deviation) are averages of triplicate measurements. (B) The protein levels of involucrin and filaggrin were examined by Western blot.
Calcium-induced differentiation of keratinocytes was significantly inhibited by MDA5 overexpression. Ad: adenovirus. *Statistically

significant (p<0.05).

MDA interacts with mitochondrial antiviral-signaling pro-
teins (MAVS), which in turn activates interferon regulatory
factor (IRF) 3 and 7. The activated IRF3 and IRF7 form
dimer and then translocate to the nucleus to promote the
expression of type | interferon genes'’. In addition to anti-
viral responses, MDA5 has been reported to affect in-
flammatory cytokine expression such as TNF-«, I[-6, and
11-8 in keratinocytes'®. Consistent with these findings, our
study also showed that the inflammatory response of kera-
tinocytes by poly(l:C) was promoted when MDA5 was
overexpressed. Together with GWAS data, these results
suggest that MDA5 play a role in the pathogenesis of
psoriasis.

It is known that keratinocyte proliferation is increased
while differentiation is dysregulated in psoriasis'®. Various
inflammatory cytokines are known to affect keratinocyte
differentiation. For example, IL-36 7 or IL-17 interferes with
keratinocyte differentiation'®. Based on these facts, there is
a possibility that the cytoplasmic RNA sensor MDA5 can
affect keratinocyte differentiation. Indeed, in our study,
calcium-induced keratinocyte differentiation was sig-
nificantly inhibited by MDA5 overexpression, suggesting
that MDA5 contributes to dysregulation of keratinocyte
differentiation. The mechanism by which MDAS5 affects

keratinocyte differentiation is not well understood.
Interestingly, it has been reported that Notch1, a keratino-
cyte differentiation factor, negatively regulates IRF3 and
IRF7. Conversely, when the Notchl gene was deleted,
IRF3 gene expression was up-regulated, and expression of
the keratinocyte proliferation factor p63 was increased”.
These results suggest that IRF3 and IRF7 act as factors that
inhibit keratinocyte differentiation. Therefore, when the
IRF3 and IRF7 signaling systems are activated by MDAS5,
keratinocyte differentiation can be negatively controlled.
The exact molecular mechanism needs to be further
studied.

In summary, we demonstrated that MDA5 was increased
in the epidermis of psoriasis, and that MDA5 enhances the
inflammatory response of keratinocytes while inhibiting
keratinocyte differentiation. Our data provide clues as a
basis for further research on how MDAS5 affects the patho-
genesis of psoriasis.

CONEFLICTS OF INTEREST

The authors have nothing to disclose.

Vol. 33, No. 4, 2021 343



DK Hong, et al

FUNDING SOURCE

This research was supported by Chungnam National
University Hospital Research Fund, 2017.

DATA SHARING STATEMENT

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable re-
quest.

ORCID

Dong-Kyun Hong, https://orcid.org/0000-0002-4244-0691
Mi-Ra Choi, https://orcid.org/0000-0003-0734-8360
Yul-Lye Hwang, https://orcid.org/0000-0002-7595-447X
Jae Kyung Lee, https://orcid.org/0000-0002-9922-5730
Young Lee, https://orcid.org/0000-0001-9205-1785
Young-Joon Seo, https://orcid.org/0000-0002-4955-590X
Sooil Kim, https://orcid.org/0000-0002-2420-1670
Young-Ho Lee, https://orcid.org/0000-0001-8238-2345
Chang-Deok Kim, https://orcid.org/0000-0001-9341-6491
Jeung-Hoon Lee, https://orcid.org/0000-0002-4869-940X

REFERENCES

1. Christophers E. Psoriasis—epidemiology and clinical spectrum.
Clin Exp Dermatol 2001;26:314-320.

2. Nestle FO, Kaplan DH, Barker J. Psoriasis. N Engl ] Med
2009;361:496-509.

3. Bos JD, de Rie MA, Teunissen MB, Piskin G. Psoriasis:
dysregulation of innate immunity. Br ] Dermatol 2005;
152:1098-1107.

4. Benhadou F, Mintoff D, Del Marmol V. Psoriasis: kera-
tinocytes or immune cells - which is the trigger? Dermatology
2019;235:91-100.

5. Puig L. The role of IL 23 in the treatment of psoriasis. Expert
Rev Clin Immunol 2017;13:525-534.

6. Lebre MC, van der Aar AM, van Baarsen L, van Capel TM,
Schuitemaker JH, Kapsenberg ML, et al. Human keratinocytes
express functional toll-like receptor 3, 4, 5, and 9. J Invest
Dermatol 2007;127:331-341.

7. Prens EP, Kant M, van Dijk G, van der Wel LI, Mourits S,
van der Fits L. IFN-alpha enhances poly-IC responses in
human keratinocytes by inducing expression of cytosolic

344 Ann Dermatol

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

innate RNA receptors: relevance for psoriasis. ] Invest Der-
matol 2008;128:932-938.

. Chen X, Takai T, Xie Y, Niyonsaba F, Okumura K, Ogawa

H. Human antimicrobial peptide LL-37 modulates proinflam-
matory responses induced by cytokine milieus and double-
stranded RNA in human keratinocytes. Biochem Biophys
Res Commun 2013;433:532-537.

. Semprini S, Capon F, Tacconelli A, Giardina E, Orecchia A,

Mingarelli R, et al. Evidence for differential S100 gene
over-expression in psoriatic patients from genetically he-
terogeneous pedigrees. Hum Genet 2002;111:310-313.
Strange A, Capon F, Spencer CC, Knight J, Weale ME, Allen
MH, et al. A genome-wide association study identifies new
psoriasis susceptibility loci and an interaction between
HLA-C and ERAP1. Nat Genet 2010;42:985-990.

Ori D, Murase M, Kawai T. Cytosolic nucleic acid sensors
and innate immune regulation. Int Rev Immunol 2017;36:
74-88.

van der Fits L, Mourits S, Voerman JS, Kant M, Boon L,
Laman JD, et al. Imiquimod-induced psoriasis-like skin
inflammation in mice is mediated via the IL-23/IL-17 axis. )
Immunol 2009;182:5836-5845.

Madsen M, Pedersen TX, Nielsen LB, Johansen C, Hansen
PR. Differential effects of digoxin on imiquimod-induced
psoriasis-like skin inflammation on the ear and back. Ann
Dermatol 2018;30:485-488.

Zhang QL, Jiang RH, Li XM, Ko JW, Kim CD, Zhu M, et al.
Inhibition of poly(l:C)-induced inflammation by salvianolic
acid A in skin keratinocytes. Ann Dermatol 2019;31:279-
285.

Kalali BN, Kollisch G, Mages J, Miiller T, Bauer S, Wagner
H, et al. Double-stranded RNA induces an antiviral defense
status in epidermal keratinocytes through TLR3-, PKR-, and
MDADS5/RIG-I-mediated differential signaling. J
2008;181:2694-2704.

Zhang LJ. Typel interferons potential initiating factors
linking skin wounds with psoriasis pathogenesis. Front Im-
munol 2019;10:1440.

Brisse M, Ly H. Comparative structure and function analysis
of the RIG-I-like receptors: RIG-l and MDAS5. Front Immunol
2019;10:1586.

Immunol

. Kadunce DP, Krueger GG. Pathogenesis of psoriasis.

Dermatol Clin 1995;13:723-737.

Albanesi C, Madonna S, Gisondi P, Girolomoni G. The
interplay between keratinocytes and immune cells in the
pathogenesis of psoriasis. Front Immunol 2018;9:1549.
Nguyen BC, Lefort K, Mandinova A, Antonini D, Devgan V,
Della Gatta G, et al. Cross-regulation between Notch and
p63 in keratinocyte commitment to differentiation. Genes
Dev 2006;20:1028-1042.



