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a  b  s  t  r  a  c  t

Canine  atopic  dermatitis  (AD)  is  clinically  similar  to  human  AD,  implicating  it  as  a  use-
ful model  of  human  eosinophilic  allergic  disease.  To  identify  cutaneous  gene  transcription
changes  in  relatively  early  inflammation  of  canine  AD, microarrays  were  used  to  mon-
itor transcription  in  normal  skin  (n =  13) and  in  acute  lesional  AD (ALAD)  and  nearby
visibly  nonlesional  AD  (NLAD)  skin  (n = 13)  from  dogs.  Scanning  the putative  abnormally
transcribed  genes,  several  potentially  relevant  genes,  some  abnormally  transcribed  in
both  NLAD  and  ALAD  (e.g.  IL6,  NFAM1,  MSRA,  and  SYK),  were  observed.  Comparison  for
abnormally  transcribed  genes  common  to two related  human  diseases,  human  AD and
asthmatic chronic  rhinosinusitis  with  nasal  polyps  (aCRSwNP),  further  identified  genes  or
gene  sets  likely  relevant  to eosinophilic  allergic  inflammation.  These  included:  (1)  genes
associated  with  alternatively  activated  monocyte-derived  cells,  including  members  of the
monocyte  chemotactic  protein  (MCP)  gene  cluster,  (2)  members  of  the IL1  family  gene
cluster, (3)  eosinophil-associated  seven  transmembrane  receptor  EMR1  and EMR3  genes,
(4) interferon-inducible  genes,  and  (5)  keratin  genes  associated  with  hair  and  nail  forma-
tion.  Overall,  numerous  abnormally  transcribed  genes  were  observed  only  in  canine  AD;
however, many  others  are  common  to related  human  eosinophilic  allergic  diseases  and
represent  therapeutic  targets  testable  in  dogs  with  AD.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Both human and canine atopic dermatitis (AD) are
prevalent, and severe AD is particularly debilitating. More-
over, naturally occurring canine AD is clinically most

Abbreviations: aaMDCs, alternatively activated monocyte-derived
cells; aCRSwNP, asthmatic chronic rhinosinusitis with nasal polyps; AD,
atopic dermatitis; ALAD, acute lesional atopic dermatitis; CADESI-2,
Canine Atopic Dermatitis Extent and Severity Index-2; Fc, fold change;
MCP, monocyte chemotactic protein; NCBI GEO, National Center for
Biotechnology Information Gene Expression Omnibus; NLAD, nonlesional
atopic dermatitis.
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similar to human AD – typically early onset, common envi-
ronmental exposures and IgE reactivity (e.g. against house
dust mite), Th2-predominant inflammation with ancillary
eosinophil infiltration (i.e. “Th2 eosinophilic” inflamma-
tion), and complicating Staphylococcus and Malassezia
infections. Some common molecular changes have also
been reported in canine and human AD. For exam-
ple, reduced ceramide (Reiter et al., 2009; Shimada
et al., 2009; Yoon et al., 2011), increased CCR4, IL4,
and S100A8 (Maeda et al., 2002; Nuttall et al., 2002;
van Damme  et al., 2009), and altered antimicrobial
peptide levels (van Damme  et al., 2009) have been
shown in canine as well as human AD. Th2 eosinophilic
inflammation at other epithelial surfaces also occurs in
human allergic diseases such as asthma and eosinophilic
esophagitis. The similarities between canine AD and
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related human eosinophilic allergic diseases indicate
that canine AD should be a useful model to better under-
stand and develop treatments for both dogs and humans.

Identifying common molecular networks between
canine AD and human eosinophilic allergic diseases would
provide the opportunity to test the importance of such
networks in associated inflammation. A popular screening
approach capable of identifying disease-associated molec-
ular networks in an unbiased manner involves analysis
of gene transcription using high-density oligonucleotide
arrays, often referred to as microarrays. However, only one
article using microarray technology to analyze gene tran-
scription in canine AD skin has been reported, and this
article presented limited data (Merryman-Simpson et al.,
2008). Because identifying and controlling events relatively
early in the inflammatory process is appealing, both acute
lesional and nearby visibly nonlesional AD skin from dogs
were analyzed here and compared to healthy skin from
dogs using microarrays. Subsequent comparisons of these
data to human AD (Olsson et al., 2006; Plager et al., 2007)
and asthmatic chronic rhinosinusitis with nasal polyps
(aCRSwNP) (Plager et al., 2010) data were performed to
identify molecular networks common to canine AD and
human eosinophilic allergic disease.

2. Materials and methods

2.1. Canine subjects and skin specimens

Thirteen dogs with AD diagnosed based on a char-
acteristic history, clinical signs (Favrot et al., 2010), and
exclusion of other pruritic skin disorders as deemed nec-
essary were recruited. In addition, 13 normal dogs with
no sign of atopic or other disease were enrolled. The
study was approved by the University of Minnesota Insti-
tutional Animal Care and Use Committee (protocol number
0601A79512; University of Minnesota Assurance of Com-
pliance number A3456). Canine Atopic Dermatitis Extent
and Severity Index-2 (CADESI-2) scores or pruritus inten-
sity using a visual analog scale from 0 to 10 were assessed
to estimate overall AD severity (Table S1).  Skin biopsies
(8 mm)  from dogs with AD were collected from sites of
acute lesional skin and nearby visibly nonlesional skin
(about 10 cm apart) that had not been topically treated with
glucocorticoids or other immunosuppressants for at least
three weeks before specimen collection. Oral immunosup-
pressants were also avoided for at least four weeks before
skin biopsy collection, and other oral medications were
minimized, and if used, are listed in Table S1.  Immedi-
ately after collection, each skin biopsy was placed in room
temperature RNAlater (Ambion, Austin, TX) for 2 min  with
mixing, transported on ice, and then a small portion of
the biopsy was removed for formalin fixation. The larger
portion of skin in RNAlater was held at 4 ◦C overnight and
stored at −20 ◦C until total RNA isolation.

2.2. Total RNA isolation and high-density oligonucleotide
microarray analysis

After removal from RNAlater, each skin specimen
was frozen in liquid nitrogen, placed in ice-cold TRIzol

(Invitrogen, Carlsbad, CA), and immediately shattered and
homogenized with a Polytron homogenizer (Brinkmann
Instruments, Westbury, NY). Total RNA was  isolated using
the TRIzol Plus RNA Purification System (Invitrogen)
according to the manufacturer’s protocol. Purified total
RNA was supplied to the Mayo CTSA Microarray Core
facility, assessed for integrity using the Agilent Bioan-
alyzer 2100 (Agilent Technologies, Palo Alto, CA), and
used for Affymetrix Canine 2 Genome (May 2005 version)
high-density oligonucleotide microarray analyses accord-
ing to Affymetrix-established protocols. To compensate for
potential variability among separate microarray analyses,
individual, non-pooled total RNA samples were isolated
and analyzed in batches containing different specimen
types (i.e. Normal, NLAD, and ALAD). Hybridized microar-
rays were scanned in the Affymetrix GeneArray Scanner.
The resulting image files were analyzed to generate files
with the x, y coordinates and average fluorescence intensi-
ties of each microarray cell. The 39 files with a .CEL exten-
sion (deposited at the National Center for Biotechnology
Information Gene Expression Omnibus (NCBI GEO)) were
analyzed using Affymetrix Microarray Suite to quantify and
scale the fluorescence data. Data analyses to identify dif-
ferential transcription used GeneSpring GX 9.0 software
(Agilent). Molecular network analyses of the identified
differentially transcribed genes used Ingenuity Pathways
Analysis software (Ingenuity Systems, Mountain View, CA).

To identify abnormal gene transcription common to
canine AD and two related human eosinophilic allergic
diseases, AD and aCRSwNP, a comparison based on iden-
tical Gene Symbols using Microsoft Office Access software
was  performed. Briefly, AD microarray data sets from
Olsson et al. (2006) (GSE6012 in NCBI GEO; lesional AD
skin, n = 10, and normal skin, n = 10) and from our group
(GSE5667 in NCBI GEO; minimally lesional AD skin, n = 6,
and nearby visibly nonlesional AD skin, n = 6, and normal
skin, n = 5) (Plager et al., 2007) were imported separately
into GeneSpring GX 9.0. After an initial low stringency
comparison between AD and normal samples within each
data set (fold change (Fc) ≥ 1.4 and unpaired nonparamet-
ric Mann–Whitney U test, p ≤ 0.22), subsequent analyses
for differentially transcribed genes between AD and normal
samples at Fc ≥ 2.0 and corrected p-value ≤0.1 (unpaired
nonparametric test with Benjamini–Hochberg False Dis-
covery Rate correction) were performed. A union set (i.e. a
combined list) from the two AD to normal skin comparisons
was  generated. A similar list of differentially transcribed
genes from the comparison of aCRSwNP to normal/rhinitis
nasosinus tissue (Fc ≥ 2.0 and corrected p-value ≤0.05) was
also used (Plager et al., 2010). Finally, a union set of the dif-
ferentially transcribed genes identified here by comparing
ALAD and Normal, NLAD and Normal, or ALAD and NLAD
skin from dogs was  generated (Fc ≥ 2.0 and corrected p-
value ≤0.1), and this union set list from canine AD skin
was  compared to the Gene Symbol lists of differentially
transcribed genes from human AD or aCRSwNP.

3. Results and discussion

Eosinophilic allergic diseases are prevalent, and
severe disease can be debilitating. Unfortunately, highly
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representative animal models useful for testing potential
therapeutic approaches to control or reverse such disease
are lacking. Canine AD may  be an exception in that it is
clinically similar to human AD, and there may  be impor-
tant commonalities to other human eosinophilic allergic
diseases as well. With this in mind and with the goal of
identifying relatively early inflammatory changes, acute
lesional (ALAD) and nearby visibly nonlesional (NLAD)
AD skin (n = 13) and healthy skin (Normal; n = 13) from
dogs (Table S1)  was collected for microarray analysis.
High-quality total RNA was isolated from each skin biopsy
and analyzed individually using Affymetrix Canine 2
Genome microarrays. The resulting microarray mRNA
transcript abundance data were grouped as ALAD, NLAD,
or Normal. ALAD and Normal data (Table S2)  and NLAD
and Normal data (Table S3)  were compared using an
unpaired Mann–Whitney (nonparametric) analysis and
ALAD and NLAD data (Table S4)  were compared using
a paired Mann–Whitney analysis with GeneSpring GX
9.0 software for differential transcription at ≥2.0 Fc and
Benjamini–Hochberg False Discovery Rate-corrected
p-value ≤0.1.

While use of a Benjamini–Hochberg False Discovery
Rate-corrected p-value ≤0.1 is a relatively low stringency
test, our focus on differential transcription at ≥2.0 Fc,
and often in both NLAD and ALAD skin or in more than
one Th2 eosinophilic disease, should help limit false posi-
tive identifications. Moreover, somewhat lower stringency
analyses were chosen here to help identify interrelated
genes that might not otherwise be tied together or genes
that might only be differentially transcribed in a major sub-
set of canine AD subjects. Even so, the data are also provided
in an Excel file format allowing easy identification of differ-
ential transcription at any p-value less than 0.1 by applying
the data “Sort” function to the “Corrected p-value” column
of Tables S2–S4. Sorting in this way, it is seen that 77%,
32%, and 79% of the putative differentially expressed tran-
scripts in Tables S2 (ALAD to Normal), S3 (NLAD to Normal),
and S4 (ALAD to NLAD), respectively, were identified at
corrected p-values <0.05. Thus, a substantial majority of dif-
ferentially expressed transcripts in ALAD were identified at
corrected p-value <0.05, and selected functional groupings
of the corresponding abnormally transcribed genes in ALAD
are shown in Table 1. The 39 raw microarray data files are
available at NCBI GEO for re-analysis using any other crite-
ria of choice as well (see Section 2). The total number and
overlap of the differentially expressed transcripts identi-
fied here from comparison of ALAD or NLAD to Normal and
ALAD to NLAD at ≥2.0 Fc and corrected p-value ≤0.1 are
shown in Fig. 1.

As might be expected and consistent with our human
AD microarray data (Plager et al., 2007), the compari-
son of NLAD to Normal skin from dogs identified the
least number of differentially expressed transcripts (Fig. 1),
suggesting the relative similarity between NLAD and
Normal skin. Furthermore, abnormal transcription of IgE-
associated (increased FCER1A and FCER1G), Th2-associated
(increased IL13RA2), Th1-associated (decreased IL12RB2),
and eosinophil-associated (increased CCR3) genes are con-
sistent with the expected Th2 eosinophilic profile for ALAD
skin (Tables S2 and/or S4).  Thus, the microarray data

Fig. 1. Number of the common and distinct differentially expressed tran-
scripts among the three primary analyses of canine AD microarray data.
The differentially expressed transcripts listed in supplemental Tables 2S
(ALAD versus Normal), 3S (NLAD versus Normal), and 4S (ALAD versus
NLAD) are shown in a Venn diagram format.

presented here generally conform to previous targeted
molecular and cellular analyses.

Because of the potential value of identifying abnor-
mal  transcription early in the inflammatory process, both
acute lesional and nearby visibly nonlesional AD skin
from dogs were analyzed. While obvious disease-related
differences between NLAD and Normal skin can be dif-
ficult to discern, several abnormally transcribed genes
in NLAD skin may  be important. Interleukin 6 (IL6) was
markedly under transcribed in NLAD (Table S3;  −4.1 Fc,
p = 0.035) and over transcribed in ALAD skin (Table S2;  3.3
Fc, p = 0.087; and Table S4;  13.7 Fc, p = 0.017). Given the
influence of IL6 on T helper cell subtype development, per-
haps decreased IL6 in NLAD adversely effects appropriate
T helper cell development in AD? Its increase in ALAD,
in contrast, may  simply reflect its well-known association
with an inflammatory response. Increased transcription of
NFAM1 in NLAD (Table S3;  2.9 Fc, p = 0.042) and in ALAD
(Table S2;  2.6 Fc, p = 0.031) is another intriguing abnormal-
ity. NFAM1 is a membrane receptor capable of activating
the calcineurin/NFAT pathway and downstream cytokine
gene promoters, like that of the Th2-type cytokine IL13.
The recent success of calcineurin inhibitors for controlling
human and canine AD further suggests its potential impor-
tance. Increased KRT2 and decreased KRT37 transcription
in NLAD (Table S3;  2.9 Fc, p = 0.083 and −2.9 Fc, p = 0.059)
appear to be further increased and decreased, respectively,
in ALAD (Table S2;  4.1 Fc, p = 0.017 and −6.55 Fc, p = 0.012)
compared to Normal skin from dogs. Perhaps these and
other keratin transcription changes (Table 1) reflect skin
barrier abnormalities in atopic skin of dogs? Like KRT37,
decreased transcription of other hair-associated keratins,
KRT31 and KRT81, is common to both canine and human
AD (Table S5). Similarly, decreased transcription of MSRA,
which is proposed to repair oxidative damage to pro-
teins, in NLAD and ALAD compared to Normal skin from
dogs (Tables S3 and S2;  −2.6 Fc, p = 0.046 and −2.0 Fc,
p = 0.066) might decrease the ability of atopic skin of

dx.doi.org/10.1016/j.vetimm.2012.06.003


Please cite this article in press as: Plager, D.A., et al., Gene transcription abnormalities in canine
atopic dermatitis and related human eosinophilic allergic diseases. Vet. Immunol. Immunopathol. (2012),
http://dx.doi.org/10.1016/j.vetimm.2012.06.003

ARTICLE IN PRESSG Model

VETIMM-8825; No. of Pages 7

4 D.A. Plager et al. / Veterinary Immunology and Immunopathology xxx (2012) xxx– xxx

Table 1
Potential functional groupings of selected abnormally transcribed genes in ALAD skin from dogs.

Functional grouping Gene symbol(s) of abnormally transcribed genes (+,
up- and −, down-regulated in ALAD)

Comments

“Alternatively activated” (IL4-
or IL13-induced)

ARG1(+)a, CCL2(+), CCL7(+), CCL8(+)b, CCL17(+),
CHI3L1(+), CLEC4G(+), SAMSN1(HACS1)(+), TFEC(+)

a Produced by mouse alternatively activated
macrophages (Martinez et al., 2009); b CCL2,
CCL7, and CCL8 are members of the MCP  gene
cluster

Anti-apoptotic BCL2A1(+), BIRC3(+)
Cell adhesion CADM1(−), ITGB2(+), ITGB6(+), SELE(+), SELL(+),

SELP(+)
Other chemokinesc, ILsc, and

their receptors
CCL19(+), CCL28(+),CCR1(+), CCR3(+), CXCL10(+),
IL6(+)d, IL8(+), IL20(+)d, IL26(+), IL1RAPL1(+),
IL12RB2(−), IL13RA2(+), IL18BP(+)

c Also see “alternatively activated” and “IL1
family” sections in this table; d IL6 and IL20
transcription up in ALAD but down in NLAD

Collagens COL7A1(−), COL10A1(+), COL11A2(−), COL13A(−),
COL29A1(COL6A5)(+)e

e Sequence polymorphisms in the human
ortholog are linked to AD

Complement-associated C3(+), C5AR1(+), CFP(+)
GPCRs (eosinophil-associated) CCR3(+), EMR1(+), EMR3(+)
GPRCs and associated signaling ARHGEF12(+), ARHGEF4(+), GALR1(+), GPR65(+),

GPR98(+),GPR112(−), GPR143(−), GPRC5D(−),
GPSM3(+), PROKR2(−)

IL1 familyf IL1B(+), IL1F8(+), IL1F10(−) f Also see Table 2 of this article
Innate immunity receptors and

NLRs
CLEC4G(+), CLEC4M(+), MSR1(+), MST1R(+),
NLRC5/P1/P3(+), NLRP9(−)

Interferon-induced GBP1(+), IFI44(+), IFITM2(+), ISG15(+), ISG20(+),
MNDA(+), MX1(+), MX2(+), OAS1(+), OAS2(+)

Increased transcription of PILRA and
TNFRSF14, receptors for HSV1 entry into
human cells, was  also seen in dog ALAD skin

Keratins KRT2(+),
KRT5/26/27/28/31/32/33B/35/37/39/72/81/82/85(−)

Several of the under-transcribed KRT genes
and PADI3 have human orthologs associated
with hair, nail, or skin barrier formation

LILRs LILRB2(+), LILRB3(+) These molecules bind MHC  class I and
transduce a negative signal that inhibits
immune responses

Lipid-associated FABP9(−), FADS1(−), LPCAT1(+), PLA2G2E(−),
PLA2G4D(+), PLA2G4E(+), PLA2G4F(+), PLA2G6(−),
PLCB4(−),  PTGDS(−)

L-tryptophan metabolism INDO(IDO1)(+), INDOL1(IDO2)(−), KMO(+)
Lymphocyte antigens LY75(−), LY9(+), LY86(+), LY96(+)
Mast cell-associated CPA3(+), FCER1A(+)g, FCER1G(+)g,

LOC448801(Mastin)(+), SRGN(+), SYK(+)h

g FCER1A and G also expressed by cutaneous
dendritic cells; h SYK transcription also up in
NLAD

Proteases and their inhibitors ADAMTS20(−), ELA1(+), KLK2(−), KLK4(−), KLK8(+),
KLK13(+), MMP1(+), MMP7(+), MMP9(−/+)i,
MMP13(+), NLN(−), PI16(−), SERPINA3(+),
SERPINA7(−),  SERPINB4(+), SERPINB13(−),
SERPINE1(+), SPINK4(+), TIMP1(+), TMPRSS3(−)

i One transcript variant of MMP9  is over- and
one is under-transcribed in ALAD

S100s  S100A3(−), S100A8(+), S100A9(+), S100P(+)
Solute carriersj Numerous “SLC” genes putatively up- and

down-regulated (e.g. SLC11A1(+) and SLC12A8(−))

j Multiple SLC genes also appear to be
differentially transcribed in NLAD

Transcription factors and zinc
finger proteins

AFF3(+), BNC2(−), FOXF1(−), GLI1(−), GRHL3(−),
HOXB3(−),  HOXC12(+), HOXC13(−)k, KLF7(+), MKX(−),
NFAM1(+)l, NFE2(+), NR0B2(−), PDX1(−),
SPI1(PU.1)(+), TAL1(+), TBX1(−), TFEC(+), numerous
“zinc finger” genes putatively up- and down-regulated
(e.g. ZBTB22(−), ZC3H12A(+)m, ZFP106(−), ZNF208(+))

k May  play a role in hair or nail development; l

a membrane receptor that activates the
calcineurin/NFAT pathway. NFAM1, IKZF3 and
MTA3, transcription is also up in NLAD; m

CCL2-induced

Abbreviations:  AD, atopic dermatitis; ALAD, acute lesional AD; GPRCs, G-protein coupled receptors; HSV1, herpes simplex virus-1; LILRs, leukocyte Ig-like
receptors; MCP, monocyte chemotactic protein; NLAD, nonlesional AD; NLRs, NOD-like receptors.

dogs to limit tissue damage caused by reactive oxygen
species typically generated during an inflammatory or
stress response (Nan et al., 2010). Finally, SYK is increased
in both NLAD and ALAD compared to Normal skin from dogs
(Tables S3 and S2;  2.6 Fc, p = 0.042 and 4.1 Fc, p = 0.004)
and increased in human AD and aCRSwNP (Table S5), and
SYK inhibitors are being tested for their ability to inhibit
atopic disease (Masuda and Schmitz, 2008). Overall, the
potential role of these genes, as well as the others listed in
Table S3 (NLAD versus Normal), in the early inflammatory

changes of canine and possibly human allergic disease are
intriguing.

Considering the abnormal transcription observed in
ALAD skin from dogs, several groups of functionally related
genes were conspicuous (Table 1). Prominent among
these were multiple genes reportedly induced by the Th2
cytokines IL4 and/or IL13. This included increased tran-
scription of genes associated with so-called alternatively
activated monocyte-derived cells (aaMDCs) such as ARG1,
members of the monocyte chemotactic protein (MCP) gene
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cluster (CCL2, CCL7, and CCL8), CCL17, CHI3L1, CLEC4G,
and TFEC (Table 1 and Tables S2 and/or S4), and most
of these are also expressed by human aaMDCs (Martinez
et al., 2009). While the precise structure and particular
genes comprising the MCP  gene cluster varies somewhat
between dogs (chromosome 9) and humans (chromo-
some 17q11.2), the MCP  gene cluster appears important
in the early inflammatory response of human eosinophilic
allergic disease (Plager et al., 2010). Most recently, the
importance of mouse CCL8 in the recruitment of IL5+ Th2
cells and in cutaneous eosinophilic inflammation also has
been demonstrated (Islam et al., 2011). Similarly, a role for
CHI3L1 in the initiation and perpetuation of Th2 inflamma-
tion has been reported (Lee et al., 2009). Thus, these data
importantly point to the likely role of aaMDCs in canine
AD and the particular aaMDC-associated genes (e.g. those
of the MCP  gene cluster) that apparently perpetuate Th2
eosinophilic inflammation in canine AD as well as related
human allergic diseases.

A second functional group of likely importance in canine
and human AD is the IL1 protein family (Table 1) (Jensen,
2010). Transcription of pro-inflammatory IL1B and IL1F8
was increased while that of anti-inflammatory IL1F10 was
decreased in canine AD (Table 2 and Tables S2 and/or S4).
This pattern of increased pro-inflammatory and decreased
anti-inflammatory IL1 family member transcription is
similar to that seen in human AD, although abnormal tran-
scription of different IL1 family member orthologs (e.g.
canine IL1F8 and IL1F10, instead of human IL1F9 and IL1F7)
and increased IL1B transcription was observed in canine
AD (Table 2). Notably, confirmation of a corresponding
increase in pro-inflammatory human IL1F9 at the pro-
tein level has been reported in human AD (Broccardo
et al., 2009). Furthermore, an imbalance in pro- and anti-
inflammatory IL1 family member transcription has also
been shown in human psoriasis (Blumberg et al., 2007;
Guttmann-Yassky et al., 2009); however, there appears to
be a pronounced offset in the relative transcription lev-
els of the IL1 family members (IL1Fs) in AD compared to
psoriasis (Table 2) (Guttmann-Yassky et al., 2009). That is,
the transcription levels of both pro- and anti-inflammatory
IL1Fs tend to be markedly lower in AD than in psoriasis.
It is interesting to note that the relatively decreased lev-
els of pro-inflammatory IL1Fs in AD are reminiscent of the
relatively decreased levels of antimicrobial peptides, like
cathelicidin and beta-defensins (Wollenberg et al., 2011),
also seen in AD compared to psoriasis. Furthermore, it
is intriguing to speculate that the imbalance and relative
abundance of the various IL1Fs might contribute to autoin-
flammatory aspects and skewed T helper cell profiles of
inflammatory skin diseases.

Eosinophils appear to contribute to allergic disease
pathology, and our recent analyses of human aCRSwNP
showed increased transcription of the G-protein coupled
receptors EMR1 and EMR3 (Plager et al., 2010), which are
preferentially expressed by eosinophils (Hamann et al.,
2007). The orthologous EMR1 and EMR3 genes in dogs
also showed increased transcription in canine AD (Table 1
and Tables S2 and S5).  Given their unknown function(s)
and eosinophil-associated expression, like that of CCR3,
the potential contribution(s) of EMR1 and EMR3 genes to

canine and human allergic disease pathology are another
area of interest.

Ten interferon-induced genes showed increased tran-
scription in canine AD, and a majority of their orthologous
human genes also showed elevated transcription in human
AD (Table 1 and Table S5). Among these were MX1  and
OAS1, which are most closely linked to an anti-viral
response. It is intriguing to speculate that this increased
interferon-induced gene transcription profile might result
from a subclinical or lingering cutaneous viral infection
capable of sustaining chronic AD inflammation, particu-
larly given the known susceptibility of humans with AD
to certain cutaneous viral infections. However, no viruses
are known to preferentially infect the skin of dogs with AD,
so perhaps this profile is associated more generally with
the AD inflammatory response. Regardless, understanding
the cause and consequences of this particular novel gene
transcription profile would likely prove informative with
respect to AD disease pathology.

Notably, as an attempt to provide additional context
to the abnormally transcribed canine AD genes identified
here, these genes were analyzed for relevant molecular
networks using an Ingenuity Pathways Analysis approach.
Because annotation of the dog genome is less complete
than that for humans, a high percentage of the over- and
under-expressed transcripts were not yet assigned to a par-
ticular gene. This incomplete annotation likely contributed
to the limited benefit of analyzing for relevant molecular
networks using an Ingenuity Pathways Analysis approach
at this time.

Other potential limitations of this microarray study also
exist. To avoid an excessive enrollment period, precise
matching of factors such as gender, age, breed, and biopsy
site location was  not achieved (Table S1). Similarly, while
concurrent medication use was avoided as described in
Section 2, 5 of the 13 dogs with AD were taking some form
of oral medication at the time of skin biopsy (Table S1).
Lesion type or duration are also potential complicating fac-
tors. Nonetheless, most of these factors were comparable
overall or on average between AD and Normal dogs (see
Table S1;  e.g. 7/6 and 5/8 female/male, average age of 4.4
and 5.5 years, and 8 of 13 breed matches), or the analysis
of a reasonable sample size (n = 13 for both AD and Normal
dogs) and of both acute lesional and nearby visibly nonle-
sional AD skin were undertaken to constrain the potential
impact of such factors.

Canine AD is a complex polygenic disease and het-
erogeneity in environmental triggers and breed-specific
genetic makeup (Wood et al., 2010) can be additional
complicating factors for identifying disease-specific gene
transcription. Indeed, any of the above complicating fac-
tors may  contribute to incomplete concordance between
different studies of canine AD. For example, in a dif-
ferential transcription study of canine AD using RT-PCR
analysis of 20 candidate genes (Wood et al., 2009), 13
genes showed >2 Fc (i.e. >1 true fold change) in tran-
scription (2 genes), differential transcription at p < 0.05 (6
genes), or both (5 genes). And of these 13 genes, only 4
were detected here at ≥2 Fc and p ≤ 0.1 (S100A8, SAA1,
SCCA2/SERPINB4, and TIMP1). Nonetheless, while differ-
ent environmental and polygenic triggers for developing
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Table 2
Abnormally transcribed IL1 family genes in atopic dermatitis (AD) and psoriasis (Ps).

Data set Gene symbol Probe set ID AD/Normal

Human ADa IL1F9 � b 220322 at 3.06
IL1F7  � 224555 x at 0.34
IL1F7  � 221470 s at 0.10
IL1RN (IL1ra, IL1F3) � 216244 at 0.32

Canine  AD IL1F10 � CfaAffx.11766.1.S1 at 0.49
IL1F8  � CfaAffx.11760.1.S1 at 2.77
IL1B  � Cfa.3554.1.S1 at 2.78

Data  set Gene symbol AD/Normal Ps/Normal

Human AD and psoriasisc IL1F9 � 2.06 122
IL1F7 � 0.007 0.088
IL1F5  � 0.73 7.71
IL1RN � 0.68 30.8
IL1B (IL1F2)d � n.s.e ∼4

a Plager et al. (2007).
b Putative pro-inflammatory (�) and anti-inflammatory (�).
c Guttmann-Yassky et al. (2009).
d Measured by qRT-PCR.
e Not significantly different.

canine and human AD almost certainly exist, some com-
mon  downstream molecular networks likely lead to the
characteristic Th2 eosinophilic inflammation of AD and
other related allergic diseases, several of which are high-
lighted above.

In summary, we provide well-described, publicly acces-
sible microarray data of normal and acute lesional and
nearby visibly nonlesional AD skin from dogs, with pre-
liminary analyses and highlighting of several novel and
likely relevant abnormal transcription patterns. Numerous
abnormally transcribed genes or gene sets were observed
only in canine AD while many others are common to related
human diseases, human AD and aCRSwNP. These common
abnormally transcribed genes should be amenable to test-
ing in dogs with AD for their impact on both canine and
human eosinophilic allergic disease pathology.
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Table S1:  Atopic Dermatitis (AD) and Normal Dog Subject Demographicsa

AD
dogs

Genderb Age
(yrs)

Breed Disease Severity
(CADESI-2 or
pruritis level(p))c

Biopsy site(s) Medications at time of biopsy

1 FS 3 English Setter 51 scapula Cephalexin 750mg BID
2 FS 4 Pug 7 (p) scapula Marbofloxacin 55mg SID
3 FS 2 German Shepherd 30 axillary region Cephalexin 750mg BID
4 MN 7 Soft Coat Wheat Terrier 21 lumbar region
5 MN 2 Shih tzu 24 lateral chest Simplicef 50mg SID; antihistamine
6 MN 1 Labrador Retriever 23 commissure of the mouth
7 FS 7 Labrador Retriever 30 para-lumbar region
8 MN 6 American Staffordshire

Terrier
63 flank region

9 FS 9 Labrador Retriever 51 medial thigh
10 FS 5 West Highland White Terrier 7 (p) groin region Simplicef 100mg SID; Hydroxyzine 25mg BID
11 MI 6 Old English Sheepdog 9 (p) cranial elbow
12 FS 4 Labrador Retriever 9 (p) cranial aspect of the  shoulder
13 MN 1 Bichon Frise 10 (p) inner thigh

Normal
dogs
1 FS 3 English Setter caudal aspect  shoulder
2 FS 4 Pug caudal aspect  shoulder
3 FS 3 Shih tzu caudal to the  shoulder
4 MN 2 Labrador mix commissure of the mouth
5 MN 2 Labrador Retriever commissure of the mouth
6 MN 8 Labrador Retriever flank area
7 MN 9 Greyhound flank area
8 FS 9 Labrador Retriever inner thigh
9 MN 7 West Highland White Terrier groin region
10 MN 4 Labrador Retriever cranial aspect of shoulder
11 FS 3 Gordon Setter scapula
12 MN 8 Labrador Retriever para-lumbar region
13 MN 9 Golden Retriever scapula
a None of the AD or Normal dogs had any diagnosed concurrent disease.
b Abbreviations: AD, atopic dermatitis; CADESI-2, canine AD extent and severity index-2; FS, female-spayed; MI, male-intact; MN, male-neutered; BID, twice daily;
SID, once daily
c CADESI-2 – scale of 0 to 360; pruritis level – scale of 0 to 10



Table S5:  Genes Showing Similar Differential Transcriptiona in Canine AD and in Human AD and/or aCRSwNP.b
Gene Symbolc Transcription Level

in Disease State
Affymetrix Canine 2 Genome probe set ID Affymetrix U133A or U133B

probe set IDd
Affymetrix exon array
transcript cluster IDd

Genes Common to Canine AD, Human AD, and Human aCRSwNP
CCL2 up Cfa.3851.1.S1_s_at 216598_s_at 7385547
CCR1 up CfaAffx.21333.1.S1_at 205098_at ; 205099_s_at 2672096
DES down CfaAffx.23771.1.S1_s_at 202222_s_at ; 214027_x_at 2528476
DOCK2 up CfaAffx.25977.1.S1_at 213160_at 2840036
LCP1 up Cfa.19021.2.S1_a_at ; Cfa.19021.2.S1_s_at ;

Cfa.3549.2.A1_s_at
208885_at 3512874

LCP2 up Cfa.18362.1.S1_at ; CfaAffx.25942.1.S1_at 205270_s_at ; 244556_at 2886595
MMP9 up (down) Cfa.3470.1.S1_s_at (Cfa.3470.2.A1_at) 203936_s_at 3887210
MNDA up CfaAffx.18191.1.S1_s_at 204959_at 2362333
PCSK1 up Cfa.8974.1.A1_s_at 205825_at 2868044
PLN down Cfa.21379.1.S1_s_at ; Cfa.3165.1.S1_s_at 204938_s_at ; 204939_s_at ;

228202_at
2923270

PTPRC up Cfa.17809.1.S1_s_at ;
CfaAffx.17621.1.S1_s_at

207238_s_at ; 212587_s_at 2373842

RAC2 up CfaAffx.3153.1.S1_s_at 207419_s_at 3960061
S100A8 up CfaAffx.26852.1.S1_at 202917_s_at ; 214370_at 2435989
S100A9 up CfaAffx.26854.1.S1_at 203535_at 2359664
SAMSN1 up CfaAffx.12896.1.S1_s_at 220330_s_at 3925473
SELE up Cfa.3868.1.S1_at 206211_at 2443450
SYK up Cfa.18891.1.S1_s_at ; CfaAffx.4145.1.S1_at 207540_s_at 3178952

Genes Common to Canine AD and Human AD
ACOX2 down CfaAffx.11797.1.S1_s_at 205364_at
ACSM3 down CfaAffx.27529.1.S1_at 205942_s_at ; 210377_at
ADIPOQ down Cfa.3487.1.S1_at ; Cfa.3487.1.S1_s_at 207175_at
ADSSL1 down Cfa.15917.1.S1_at 226325_at
ANGPTL4 up Cfa.12323.1.A1_at 221009_s_at ; 223333_s_at
ANGPTL7 down CfaAffx.25524.1.S1_at 206423_at
AOAH up CfaAffx.5812.1.S1_at 205639_at
ASPA down Cfa.16577.1.S1_at 206030_at
BIRC3 up Cfa.18376.1.S1_at ; CfaAffx.23253.1.S1_at 210538_s_at
CCL17 up Cfa.3450.1.S1_s_at 207900_at
CCL19 up CfaAffx.3852.1.S1_s_at 210072_at
CD8A up Cfa.3636.1.S1_s_at 205758_at
CTNND2 down Cfa.9800.1.A1_at ; CfaAffx.15659.1.S1_at 209617_s_at ; 209618_at
EXOC6 up Cfa.18182.1.S1_at 232599_at
FADS1 down Cfa.13257.1.A1_at ; CfaAffx.24500.1.S1_s_at ;

CfaAffx.24518.1.S1_at
208962_s_at ; 208964_s_at

FCRLA up CfaAffx.20195.1.S1_s_at 235401_s_at
FOSL1 up CfaAffx.20339.1.S1_at 204420_at
GBP1 up Cfa.18819.1.S1_at ; Cfa.19015.1.S1_s_at ; 202269_x_at ; 231577_s_at



CfaAffx.30940.1.S1_s_at
GLRB down Cfa.2493.1.S1_at 205280_at
GRIA4 down CfaAffx.22868.1.S1_s_at 208464_at ; 238663_x_at
GZMB up CfaAffx.19332.1.S1_at 210164_at
HGD down Cfa.14563.1.A1_s_at 205221_at
IFI44 up Cfa.18904.1.S1_s_at ; CfaAffx.31148.1.S1_at 214453_s_at
IL13RA2 up CfaAffx.27914.1.S1_s_at 206172_at
IL8 up Cfa.3510.1.S2_at ; Cfa.3510.1.S1_s_at ;

Cfa.3510.2.S1_s_at
202859_x_at

ISG15 up Cfa.10757.1.S1_at ; Cfa.10757.1.S1_s_at 205483_s_at
ISG20 up CfaAffx.17917.1.S1_at 33304_at
JRK down CfaAffx.2795.1.S1_at 214692_s_at
KALRN down CfaAffx.19220.1.S1_at 205635_at
KRT31 down CfaAffx.24485.1.S1_at ; CfaAffx.24485.1.S1_x_at ;

CfaAffx.24487.1.S1_at ; CfaAffx.24495.1.S1_s_at
206677_at

KRT81 down CfaAffx.11828.1.S1_at 213711_at
LEPR down CfaAffx.28433.1.S1_at 209894_at
LILRB2 up CfaAffx.4831.1.S1_s_at 207697_x_at
LPCAT1 up CfaAffx.16421.1.S1_at 201818_at
LY96 up CfaAffx.816.1.S1_at 206584_at
LYZ up CfaAffx.1598.1.S1_s_at 213975_s_at
MATK up CfaAffx.29279.1.S1_at 206267_s_at
MMP1 up CfaAffx.23166.1.S1_at 204475_at
MX1 up CfaAffx.15920.1.S1_s_at 202086_at
MYCN down Cfa.5536.1.A1_at 209757_s_at
MYH8 down CfaAffx.26800.1.S1_s_at 206717_at
MYO1F up CfaAffx.28352.1.S1_s_at 213733_at
OAS1 up Cfa.21183.1.S1_s_at ; Cfa.21191.1.S1_a_at ;

Cfa.21191.2.S1_a_at
202869_at ; 205552_s_at

OAS2 up CfaAffx.14097.1.S1_s_at 204972_at
PCSK7 up CfaAffx.20360.1.S1_at 203118_at
PDX1 down Cfa.16232.1.S1_s_at 210938_at
PHYHIP down CfaAffx.14896.1.S1_at 205325_at
PLA2G2F up CfaAffx.23237.1.S1_s_at 221416_at
PLCB4 down CfaAffx.9677.1.S1_s_at ; CfaAffx.9723.1.S1_at 203896_s_at
PMM2 up CfaAffx.29042.1.S1_at 203201_at
PPP1R1A down Cfa.3466.1.S1_at 205478_at
PTGDS down Cfa.1282.1.A1_s_at 211663_x_at ; 211748_x_at ;

212187_x_at
RGS14 up Cfa.17542.1.S1_s_at 204280_at
SERPINB4 up CfaAffx.1072.1.S1_s_at 211906_s_at
SGSM2 down Cfa.7830.2.A1_s_at 217538_at
SP100 up Cfa.9449.1.A1_s_at 210218_s_at
SRGN up Cfa.20785.1.S1_at ; Cfa.20785.1.S1_s_at 201859_at ; 201858_s_at
SYNE1 down Cfa.14004.1.A1_at ; CfaAffx.1722.1.S1_s_at 209447_at
TAPBP up CfaAffx.2360.1.S1_at 208829_at
TCHP down CfaAffx.16827.1.S1_at 223456_s_at



TCN1 up Cfa.20847.1.S1_s_at ; CfaAffx.16182.1.S1_at 205513_at
TFEC up Cfa.1175.1.A1_s_at 232383_at ; 236995_x_at
TINAG up CfaAffx.4347.1.S1_at 223782_s_at
TREX2 up CfaAffx.29273.1.S1_at 211788_s_at
TTC18 down CfaAffx.22658.1.S1_s_at 229170_s_at
UPP1 up Cfa.12204.1.A1_at ; CfaAffx.22028.1.S1_at 203234_at
ZCWPW1 down CfaAffx.22353.1.S1_at 220618_s_at

Genes Common to Canine AD and Human aCRSwNP
ABI3BP down CfaAffx.14971.1.S1_at 2686458
BCL2A1 up Cfa.21056.1.S1_at ; CfaAffx.21575.1.S1_s_at 3635198
C5AR1 up Cfa.3834.1.S1_at ; CfaAffx.7180.1.S1_s_at 3837257
CCL8 up Cfa.15810.1.S1_at ; CfaAffx.28084.1.S1_s_at 3718191
CCR3 up Cfa.14165.1.S1_at 2620813
CD274 up CfaAffx.4085.1.S1_at 3161082
CD3E up CfaAffx.19814.1.S1_s_at 3351280
CLCA4 down CfaAffx.31009.1.S1_s_at 2345061
CLEC4G up CfaAffx.28024.1.S1_at 3848525
COL10A1 up CfaAffx.7007.1.S1_at 2970942
CPA3 up CfaAffx.13076.1.S1_at 2647109
CYBB up Cfa.6017.1.S1_at ; CfaAffx.21511.1.S1_s_at ;

CfaAffx.21514.1.S1_s_at
3973839

DTNA down Cfa.17759.1.S1_at 3784208
EMR1 up CfaAffx.28381.1.S1_at ; CfaAffx.28381.1.S1_s_at 3818596
EMR3 up CfaAffx.24913.1.S1_at 3852832
GLIPR1 up Cfa.5134.1.A1_s_at 3422855
GPR65 up CfaAffx.26530.1.S1_at 3547375
GRIK2 down CfaAffx.6317.1.S1_at 2918982
GZMK up CfaAffx.28130.1.S1_at 2809793
HMOX1 up Cfa.4568.1.S1_s_at 3944129
HRH1 up Cfa.3675.1.S1_x_at 2610707
ITGB2 up CfaAffx.17241.1.S1_s_at 3934729
KMO up Cfa.14036.1.A1_at ; Cfa.14036.1.A1_s_at 2388085
LMO3 down Cfa.9023.1.A1_at ; CfaAffx.19566.1.S1_at 3446137
MLZE up CfaAffx.2504.1.S1_at 3153298
MMP7 up CfaAffx.23201.1.S1_at 3388673
MYOM1 down CfaAffx.28287.1.S1_s_at 3796428
NCALD down Cfa.16838.1.S1_at 3147173
NCF4 up CfaAffx.3174.1.S1_at 3944543
NFE2 up CfaAffx.10806.1.S1_at 3456666
OLR1 up CfaAffx.20849.1.S1_at 3444043
OSMR up CfaAffx.28496.1.S1_at 2807359
PI16 down Cfa.20732.1.S1_s_at 2905296
PILRA up CfaAffx.22371.1.S1_at 3015519
PLAUR up CfaAffx.8028.1.S1_s_at 3864551
PLEK up CfaAffx.5820.1.S1_s_at 2486811
PMP2 down CfaAffx.13406.1.S1_s_at 3142362



PPP1R1B down CfaAffx.25110.1.S1_s_at 3720322
SELP up CfaAffx.23346.1.S1_s_at 2443417
SGCD down CfaAffx.26918.1.S1_at 2837029
SLC26A4 up CfaAffx.6789.1.S1_at 3018605
SPI1 up CfaAffx.13801.1.S1_at 3372174
STAC up CfaAffx.8084.1.S1_at 2616804
TGFBI up CfaAffx.2510.1.S1_at 2829947
TIMP1 up Cfa.3680.1.S1_s_at 3976341
TREM1 up CfaAffx.3292.1.S1_at 2953570
TYROBP up Cfa.12235.1.A1_s_at 3860137
a Differential gene transcription at ≥ 2.0 fold change and corrected p-values ≤ 0.1 for AD and ≤ 0.05 for aCRSwNP data.
b AD = atopic dermatitis; aCRSwNP = asthmatic chronic rhinosinusitis with nasal polyps.
c For additional gene-specific information, see Tables S2, S3, and S4 and the NCBI Database and search using the above Gene Symbols.
d See Plager DA et al., 2007 and Plager DA et al., 2010 for additional information about the human AD and aCRSwNP data used to generate this table.
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