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Canine atopic dermatitis (CAD) is a common allergic skin disease in dogs, associated with a defective epi-
dermal barrier. In this study we investigated the alterations in skin keratinocyte proliferation and differ-
entiation in CAD by quantitative reverse transcription-polymerase chain reaction. Gene expression of
keratin (KRT) markers of proliferative and differentiated keratinocytes, together with that of cornified
envelope proteins, involucrin (IVL) and filaggrin (FLG), were evaluated. An upregulation of KRT5 and
KRT17 in both lesional and non-lesional AD skin was observed (p < 0.05) whereas KRT2e, KRT14, IVL
and FLG expression were significantly increased only in lesional AD skin (p < 0.05). Additionally, the
expression levels of KRT5, KRT14, KRT17 and IVL in CAD were strongly correlated. In conclusion, the
expression of the majority of the studied keratins, as well as IVL and FLG is increased in CAD with close
correlation between the proliferative keratins. This is the first report of a correlation of KRT and IVL genes
with CAD.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Atopic dermatitis (AD) is a common allergic skin disease recog-
nized in dogs and humans (Rothe and Grant-Kels, 1996; Hillier and
Griffin, 2001). Canine atopic dermatitis (CAD) is a ‘genetically pre-
disposed inflammatory and pruritic allergic skin disease with char-
acteristic clinical features associated with IgE antibodies most
commonly directed against environmental allergens’ (Halliwell,
2006). Approximately 10% of the canine population is affected by
CAD (Scott et al., 2001). Disturbances in epidermal differentiation
and proliferation lead to a defect in skin barrier permeability that
enhances the penetration of environmental allergens (Hudson,
2006; Proksch et al., 2009). In CAD, the structural changes of
lesional AD skin have been demonstrated to be epidermal hyper-
plasia, hyperkeratosis, hypergranulosis and spongiosis (Scott,
1981; Olivry et al., 1997). The correlation of the disease with ker-
atin markers has not yet been studied.

Normal epidermal cell proliferation is restricted to the basal
layer where several keratin marker proteins such as KRT5 and
KRT14 are expressed. Basal cells undergo differentiation and
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maturation and move then into the suprabasal compartments
where differentiated keratin markers such as KRT1 and KRT10 are
expressed, whereas KRT2e represents late epidermal differentiation
(Leigh et al., 1993; Bloor et al., 2003). In humans, keratins KRT6,
KRT16, and KRT17 have been associated with epidermal hyperpro-
liferation in various diseases, such as psoriasis, basaloid skin tu-
mors, and during wound healing (Leigh et al., 1995; Machesney
et al., 1998; Depianto et al., 2010). As keratinocytes differentiate
further, several cornified envelope (CE) proteins are synthesized
in the granular layer. These proteins include filaggrin (FLG), lori-
crin, involucrin (IVL), and S100 proteins. CE proteins help form
the outer most layer of the epidermis, the cornified layer, in the fi-
nal epidermal differentiation and hydrate the skin. The prolifera-
tion and differentiation of keratinocytes are important for CE
associated protein formation (Steinert and Marekov, 1997; Candi
et al., 2005; Proksch et al., 2008). Humans with AD have decreased
expression of FLG and IVL in skin (Seguchi et al., 1996; Jensen et al.,
2004). Although the protein expression of FLG and IVL in CAD has
been studied, the association to CAD is still unclear (Marsella
et al., 2009; Chervet et al., 2010).

A problem when studying CAD at the protein level is that avail-
able antibodies in commerce tested for specificity in dogs are
limited. The anti-human filaggrin antibody demonstrated cross-
reactivity with canine epidermal proteins (Marsella et al., 2009).
The sequencing of the canine genome (Lindblad-Toh et al., 2005)
has enabled the study of canine diseases at the transcript level,
ratins, involucrin and filaggrin gene expression in canine atopic dermatitis.
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which is more specific to the proteins of interest. The genes encod-
ing human epidermal differentiation complex have been shown to
be generally regulated at the transcription level (Segre, 2006).
However, genes involved in CAD have been less intensively stud-
ied. The aim of this study was to quantify and investigate the
correlation between the expression of KRT1, KRT2e, KRT5, KRT10,
KRT14, KRT17, FLG and IVL at the transcript level in lesional atopic,
non-lesional atopic and healthy canine skin. Determining the
expression pattern of these genes will help, at least in part, our
understanding of this disease.
2. Materials and methods

2.1. Animals

Thirty-one dogs were recruited from private small animal clin-
ics. Twenty dogs with AD, comprising twelve Poodles, six Shih
tzus and two Pugs, with a mean age of seven years (age range
2–11 years), and eleven healthy control dogs, comprising seven
Poodles, three Shih tzus and one Pug, with a mean age of seven
years (age range 1–10 years) were used for this study. The diagno-
sis of CAD was based on compatible history, clinical signs, the pres-
ence of 5 signs or more under Favrot’s 2010 criteria, and the
exclusion of other causes of pruritus (Favrot et al., 2010; Olivry,
2010). Bacterial and yeast infections and ectoparasite infestations
were controlled prior to inclusion. No anti-inflammatory medica-
tion was given for at least three weeks prior to examination. Con-
trol skin samples were obtained from healthy dogs with no history
or clinical signs of skin disease. All samples were obtained with the
consent of owners following the ethical guidelines required under
the Chulalongkorn University Animal Care and Use Committee
(CU-ACUC), Thailand.
2.2. Skin biopsies and tissue samples

A 6-mm skin biopsy of 5-mm depth was taken from the ventral
abdomen of each dog to minimize variations due to body location.
Lesional samples were taken from the skin of 10 atopic dogs with
erythema, maculae, papulae or lichenification. Non-lesional sam-
ples were obtained from clinically unaffected skin of other 10 ato-
pic dogs. Control samples were obtained from clinically normal
dogs. Biopsies were obtained after local anaesthesia with 2% lido-
caine and sutured routinely. Subcutaneous fat was removed. The
tissues were maintained in RNALater solution overnight at 4 �C
Table 1
Primers used in the present study. Indicated are sequences, annealing tem

Genes Accession number Prim

Keratin 1 NM_001003392 Fwd
(KRT1) Rev
Keratin 2e NM_001003386 Fwd
(KRT2e) Rev
Keratin 5 XM_003433511 Fwd
(KRT5) Rev
Keratin 10 NM_001013425 Fwd
(KRT10) Rev
Keratin 14 XM_548101 Fwd
(KRT14) Rev
Keratin 17 XM_548100 Fwd
(KRT17) Rev
Involucrin M34442 Fwd
(IVL) Rev
Filaggrin ENSCAFG00000023034 Fwd
(FLG) Rev
Ribosomal XM_533657 Fwd
protein S19 Rev
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and then stored at �20 �C until processed for quantitative reverse
transcriptase polymerase chain reaction (qRT-PCR).

2.3. RNA extraction

The skin tissues in RNALater solution were disrupted in liquid
nitrogen to maintain a low temperature. Total RNA was extracted
from the skin tissues by homogenization with Trizol reagent (Life
Technologies, Carlsbad, CA) and a phenol/chloroform/isopropyl
alcohol technique was performed. Subsequently, genomic DNA
traces were removed from the RNA with Turbo DNase (Ambion,
Austin, TX) to purify the total RNA according to the manufacturer’s
instructions. The DNase-treated RNA quality and concentration
were analyzed using a NanoDrop ND-1000 Spectrophotometer
V3.7 (Thermo Fisher Scientific, Waltham, MA).

2.4. Quantitative reverse transcription PCR

cDNA synthesis was performed using the SuperScript III First-
strand synthesis system for RT-PCR (Life Technologies, Carlsbad,
CA) according to the manufacturer’s instructions. Briefly, one
microgram of RNA was reverse transcribed in a 20 lL reaction con-
taining 50 ng random primers, 40 U RNase inhibitor and 200 U
Superscript III enzyme. qRT-PCR was performed and analyzed on
the Rotor Gene 3000 Thermal Cycler (Qiagen, Hilden, Germany).
Prior to this study, potentially suitable reference genes were
assessed and RPS19 was demonstrated to be the most stably
expressed among different conditions and therefore the most suit-
able reference gene to normalization. Primer sequences and cy-
cling details for quantitative determination of the housekeeping
gene RPS19 has been previously described (Brinkhof et al., 2006;
Wood et al., 2008; Schlotter et al., 2009). Other primers were
developed using Primer 3 version 0.4.0 (http://frodo.wi.mit.edu/).
Primer pairs were investigated for specificity and uniqueness in
the dog genome (CanFam2.0, May 2005 assembly) by in silico anal-
ysis using In-Silico PCR at the University of California, Santa Cruz
Genome Bioinformatics Site (http://genome.ucsc.edu/). The primer
sequences, accession numbers, and amplicons are depicted in
Table 1. PCR reactions were performed in a 10 lL volume contain-
ing 1x KAPA SYBR Fast qPCR Master Mix Universal (KAPA Biosys-
tems, Cambridge, MA), 200 nM of each primer and the cDNA
template. Thermal cycling conditions were as follows: 95 �C for
2 min followed by 40 cycles at 95 �C for 3 s, 60 �C for 20 s and
72 �C for 1 s. Each reaction was performed in duplicate in three
independent runs. Data from the FAM/SYBR channel operating at
peratures in real-time PCR reactions and expected product sizes.

ers (50–30) Amplicon (bp)

50 TCTGGAAGGAGAGGAAAGCA 30 157
50 ATAACTGCCACCACCGTAGC 30

50 AGCTCCATGTCCTCAAGCAT 30 105
50 GCCACTTCCAGAGCTGAATC 30

50 TCAACCAGAGCCTCCTGACT 30 164
50 CTTGGTGTCCAGGACCTTGT 30

50 TTGAGACGCACTGTTCAAGG 30 168
50 AGCTCGGATCTGTTGCAGTT 30

50 CTGAAGGAGGAGCTGGCTTA 30 218
50 TTCAGTTCCTCGGTCTTGCT 30

50 CAACAGCGAGCTGGTACAGA 30 130
50 TGTCTCAGCCAGGCTACCTT 30

50 AAAGAAGAGCAGGTGCTGGA 30 203
50 TGCTCACTGGTGTTCTGGAG 30

50 GATGACCCAGACACTGCTGA 30 158
50 TGGTTTTGCTCTGATGCTTG 30

50 CCTTCCTCAAAAA/GTCTGGG 30 95
50 GTTCTCATCGTAGGGAGCAAG 30

ratins, involucrin and filaggrin gene expression in canine atopic dermatitis.
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an excitation maximum 495 nm and an emission maximum
520 nm were evaluated to ensure that PCR amplification had taken
place. A melting curve analysis was used to determine the purity of
the amplified products. Relative expression levels were calculated
by the REST-384 (Relative Expression Software Tool) software with
a detection threshold at 0.1. A standard curve was generated for
each assay using the fluorescent data from 10-fold serial dilutions
of total RNA of the same normal dog and expressed as the target
gene normalized to RPS19. Linearity of the obtained standard
curves was verified by the R2 coefficient (Pfaffl, 2001; Pfaffl et al.,
2002). A standard curve was then used to calculate the relative
amounts of target mRNA in test samples. Quantities of all targets
in test samples were normalized to the corresponding RPS19 levels
in skin biopsies (Howell et al., 2009).

2.5. Statistic analysis

Statistical analysis of real-time PCR results was performed with
REST 384 software, using a pair-wise fixed reallocation randomiza-
tion test to test for significant differences between groups. Results
with a p value <0.05 were considered significant. The correlation
analyses were carried out using the Pearson correlation coefficients
by GraphPad Prism program, version 5.0 (GraphPad Software, La
Jolla, CA); they were interpreted as significant at p < 0.05. Hierar-
chical clustering was performed to analyze the pattern of similarity
in gene expression in lesional and nonlesional skin in order to
identify gene clusters. It was done by average linkage and Pearson
correlation coefficient on log2-transformed data, using Multiexper-
iment Viewer (MeV) program, version 4.8 (Saeed et al., 2003,
2006); the statistical significance level was set at p < 0.005.

3. Results

3.1. Alteration of gene expression of KRT2e, KRT5, KRT14, KRT17, IVL
and FLG in lesional and non-lesional AD skin

In lesional AD skin, there was a significant increase of KRT2e,
KRT5, KRT14, KRT17, IVL and FLG expression compared to normal
skin, with fold changes ranging from 3.95 for KRT2e to 8.75 for
KRT17. Only KRT5 and KRT17 showed also a statistically significant
difference in expression between non-lesional and control skin
with fold changes 3.884 and 6.402, respectively. The expression
of KRT1, IVL and FLG was upregulated in lesional AD skin compared
with non-lesional AD skin with fold changes ranging from 2.90 for
IVL to 3.23 for FLG (Table 2).

From the correlation matrix, there was a close correlation for
KRT5 and KRT17 levels, both in lesional (R = 0.906) and non-lesional
AD skin (R = 0.869), but not in controls. Strong correlation was also
observed between KRT5 and KRT14 expression in lesional AD skin
(R = 0.886) and between KRT14 and KRT17 in non-lesional AD skin
(R = 0.856). For KRT1, correlation with KRT10 in non-lesional
AD skin (R = 0.854) was absent in AD skin lesions where its new
Table 2
Fold change in gene-specific mRNA expression in CAD lesional, CAD non-les

Gene Lesion vs. normal Non-lesio

Fold change p Value* Fold chan

KRT1 2.906 0.075 0.941
KRT2e 3.948 0.027 1.609
KRT5 4.947 0.009 3.884
KRT10 1.271 0.467 0.773
KRT14 6.008 0.010 2.273
KRT17 8.751 0.001 6.402
IVL 4.793 0.003 1.651
FLG 4.040 0.001 1.252

* Pair wise fixed reallocation randomization test normalized by reference
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correlation with KRT5, KRT17, and IVL appeared (R = 0.867, 0.961,
0.833, respectively). In controls, KRT2e, IVL and FLG showed strong
positive correlation which disappeared in lesional and non-lesional
AD skin (Tables 3–5).

3.2. Hierarchical clustering of gene expression values in lesional and
non-lesional AD skin

Hierarchical clustering was used to study the similarities in pat-
terns of gene expression. In lesional AD skin, KRT1, KRT5, KRT14,
KRT17 and IVL were clustered together. Although it was clustered
separately, FLG showed a similar expression pattern and was
placed in the same super-cluster. KRT10 was clearly different and
KRT2 was an outgroup. In non-lesional AD skin, two super-clusters
were observed. KRT2e, KRT5, KRT17 and KRT14 were clustered with
IVL in one and KRT1, KRT10 and FLG in the other, with the two ker-
atins forming a distinct sub-cluster (Fig. 1).

4. Discussion

The present study demonstrated the altered expressions of
KRTs, IVL and FLG in CAD. In humans, the keratins have been allo-
cated to two groups: type I acidic keratins (KRT9-23), type II ba-
sic/neutral keratins (KRT1-8) (Moll et al., 1982; Fuchs and Weber,
1994), pairing up as heteropolymeric filaments in epithelia (Parry
et al., 1985). In the dog, acidic (type I) and basic (type II) keratin
genes were found on chromosomes 9 and 27, respectively (Keller
et al., 1998; Miller et al., 1999). KRT1 and KRT2e genes were shown
to be highly conserved with high homology to their human coun-
terparts (Credille et al., 2005). In our study, a pair of type I and its
type II keratin partner genes, KRT5 and KRT14, a marker of mitoti-
cally active basal cells of the epidermis, was found to be coordi-
nately expressed in lesional CAD whereas a pair of KRT1 and
KRT10 was not shown to be significantly upregulated. The expres-
sion of KRT5 and KRT14 was reported to be turned off prior to the
expression of a KRT1 and KRT10 pair (Fuchs and Green, 1980).
CAD exhibits epidermal hyperplasia, hyperkeratosis, hypergranu-
losis and spongiosis (Scott, 1981; Olivry et al., 1997). In our study,
the upregulation of KRT5 and KRT14, together with that of KRT17, a
hyperproliferative marker (Leigh et al., 1995; Machesney et al.,
1998), and KRT2e, which is normally expressed in the granular
layer (Collin et al., 1992), indicates that the histopathological char-
acteristics of CAD might, at least in part, be due to the upregulation
of these KRTs. KRT5 and KRT17 expression was increased even in
non-lesional AD skin, indicating that both are sensitive markers
of CAD. The KRT5, KRT14 and KRT17 genes were upregulated
in CAD compared to control samples. In addition, they exhibited
a strong correlation of expression levels in both lesional and
non-lesional AD skin (Tables 4 and 5 and Fig. 1), probably indicat-
ing that the genes were activated in response to CAD. The func-
tional pathway and how gene products interact should be further
studied.
ional and control dog skin.

n vs. normal Lesion vs. non-lesion

ge p Value* Fold change p Value*

0.911 3.088 0.047
0.492 2.453 0.202
0.011 1.274 0.597
0.520 1.643 0.238
0.138 2.643 0.186
0.002 1.367 0.561
0.289 2.903 0.014
0.576 3.226 0.009

gene. Results in italics indicate a significant difference (p < 0.05).

ratins, involucrin and filaggrin gene expression in canine atopic dermatitis.
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Table 3
Correlation between individual transcript levels in skin biopsies from clinically normal dogs (controls).

KRT1 KRT2e KRT5 KRT10 KRT14 KRT17 IVL FLG

KRT1 1

KRT2e �0.005 1
0.989

KRT5 �0.020 0.751 1
0.956 0.012

KRT10 �0.107 0.0929 0.199 1
0.768 0.799 0.580

KRT14 0.855 �0.122 �0.323 �0.394 1
0.002 0.737 0.363 0.260

KRT17 0.801 0.004 0.144 0.132 0.488 1
0.005 0.990 0.692 0.716 0.152

IVL �0.070 0.959 0.670 �0.121 �0.114 �0.078 1
0.846 <0.0001 0.034 0.739 0.755 0.832

FLG �0.109 0.986 0.721 0.0073 �0.182 �0.103 0.969 1
0.765 <0.0001 0.018 0.984 0.615 0.778 <0.0001

Pearson’s correlation coefficients for each pair of genes are shown. A significant correlation (a correlation at p < 0.005) is marked by italics.

Table 4
Correlation between individual transcript levels in lesional AD skin biopsies.

KRT1 KRT2e KRT5 KRT10 KRT14 KRT17 IVL FLG

KRT1 1

KRT2e 0.257 1
0.474

KRT5 0.867 0.194 1
0.001 0.591

KRT10 �0.113 �0.104 �0.388 1
0.756 0.775 0.268

KRT14 0.633 �0.174 0.886 �0.471 1
0.049 0.631 0.001 0.169

KRT17 0.961 0.250 0.906 �0.301 0.699 1
<0.0001 0.485 0.0002 0.399 0.024

IVL 0.833 0.465 0.522 0.0258 0.203 0.777 1
0.003 0.175 0.122 0.947 0.573 0.008

FLG 0.486 �0.393 0.505 0.388 0.590 0.433 0.207
0.154 0.261 0.136 0.268 0.072 0.211 0.566

Pearson’s correlation coefficients for each pair of genes are shown. A significant correlation (a correlation at p < 0.005) is marked by italics.

Table 5
Correlation between individual transcript levels in non-lesional AD skin biopsies.

KRT1 KRT2e KRT5 KRT10 KRT14 KRT17 IVL FLG

KRT1 1

KRT2e 0.600 1
0.067

KRT5 �0.288 0.207 1
0.420 0.567

KRT10 0.854 0.740 0.021 1
0.002 0.014 0.953

KRT14 �0.160 0.564 0.701 0.052 1
0.658 0.089 0.024 0.885

KRT17 �0.067 0.505 0.869 0.152 0.856 1
0.857 0.136 0.001 0.675 0.001

IVL �0.673 �0.087 0.455 �0.478 0.618 0.488 1
0.033 0.810 0.186 0.162 0.057 0.152

FLG �0.100 0.002 �0.082 0.123 �0.064 �0.304 �0.250 1
0.782 0.995 0.820 0.735 0.861 0.392 0.487

Pearson’s correlation coefficients for each pair of genes are shown. A significant correlation (a correlation at p < 0.005) is marked by italics.
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In humans, during epidermal differentiation, IVL and FLG play a
crucial role in the formation of the CE, contributing to the skin’s
barrier function (Steinert and Marekov, 1997; Candi et al., 2005;
Proksch et al., 2008). In our study, the up-regulation of IVL and
FLG mRNA expression was observed in lesional AD skin compared
to the controls. A significant increase of IVL RNA was described in
Please cite this article in press as: Theerawatanasirikul, S., et al. Alterations of ke
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lesional human atopic dermatitis (HAD) skin (Jarzab et al., 2010)
which was consistent with a report of a distinct rise of immature
IVL protein in the stratum corneum of lesional AD skin of HAD
(Hirao et al., 2003). IVL protein expression has been demonstrated
in CAD (Chervet et al., 2010). However, other studies have shown
that IVL expression was decreased in HAD skin lesions (Jensen
ratins, involucrin and filaggrin gene expression in canine atopic dermatitis.

http://dx.doi.org/10.1016/j.rvsc.2012.06.005


Fig. 1. Hierarchical clustering of genes in lesional (A) and non-lesional (B) skin.
KRT = keratin; IVL = involucrin; FLG = filaggrin; d = dog.
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et al., 2004; Sugiura et al., 2005). In our study, IVL showed closer
correlation with KRT5, KRT14 and KRT17 than with FLG, suggesting
that IVL and a group of KRT probably behaved as coexpression part-
ners. Further investigation of IVL expression pathway in CAD is
required. Contrary to the downregulation of FLG mRNA in experi-
mentally challenged atopic beagles (Santoro et al., 2010b), our
study showed a significant upregulation of FLG RNA in lesional
AD skin (Table 2). The upregulated FLG and IVL genes were proba-
bly the response of skin cells to compensate abnormal function in
AD. At the protein level, reduced FLG protein expression in labora-
tory beagles, with induced CAD, was reported (Marsella et al.,
2009), but no significant differences of FLG expression between
normal and induced CAD models was described (Santoro et al.,
2010a,b). Thus, further work regarding the association of this gene
with CAD should be performed.

5. Conclusion

In conclusion, this study identified novel players in CAD pathol-
ogy. KRT5, KRT14, KRT17, and IVL gene expression was shown for
the first time to be associated with the disease. For future work,
the correlation of epidermal proliferation and differentiation to
KRTs, FLG, IVL protein expression should be confirmed and investi-
gated in CAD.
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