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SNP genetic polymorphisms of MDR-1, CYP1A2and CYPB1171
genes in four canine breeds upon toxicological evaluation
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Thefields of pharmacogenetics and pharmacogenomics have become increasingly promising regarding the clinical application of genetic
datato aidin prevention of adverse reactions. Specific screening tests can predict which animal sexpressmodified proteins or genetic sequences
responsible for adverse effects associated with a drug. Among the genetic variations that have been investigated in dogs, the multidrug
resistance gene (MDR) is the best studied. However, other genes such as CYP1A2 and CYP2B11 control the protein synthesesinvolved in
the metabolism of many drugs. Inthe present sudy, the MDR-1, CYP1A2 and CYP2B11 genes were examined to identify SNPpolymorphisms
associated with these genes in the following four canine breeds. Uruguayan Cimarron, Border Collie, Labrador Retriever and German
Shepherd. Theresultsreveded that several SNPsof the CYP1A2 and CYP2B11 genesare potential targetsfor drug senditivity investigations.
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Introduction

Thereisincreasing evidence of aclear genetic link between
the phenotypic characteristics of dogs and adverse drug
reactions. Thefieldsof pharmacogeneti cs and pharmacogenomics
have become increasingly promising regarding the clinical
application of genetic data to aid in prevention of adverse
reactions, prediction of the behaviour of drugsand discovery of
new drug targets for study.

The introduction of anew parasiticide in the 1980s reveaed
a pre-existing mutation in dogs that predisposes the animalsto
potentialy fatal neurotoxicosis. The drug, ivermectin, exertsits
antiparasitic action by potentiating ligand-gated chloride ion
channelsin the peripheral nervous system of severd invertebrate
phyla[24]. The mdrl-1A mutation in the multidrug resistance
gene (MDR-1) causesivermectin intoxication in carriers. This
mutation results in atered expression of p-glycoprotein and
altered behaviour of the drug in Collies and other related dog
breeds [2,16,24,28]. The MDR-1 and CYP2D15 genes have
been studied in the Uruguayan Cimarron dog breed [8,9,10,11];
however, no mutations were identified in the 36 Uruguayan
Cimarron animals analysed in these studies.

Several recent pharmacogenetic findings have been shownto

be clinically relevant for patients of veterinary clinics, and the
dog population is one of the most suitable models for
examination of population genetics[15,22]. Clinicaly, Collies
and other related dog breeds have been observed to be more
susceptible to the effects of ivermectin on the central nervous
system (CNS). The clinica signs of these effects include
tremors, salivation, coma, depression and ataxia. Moreove,
very small doses (1/100-1/200 standard) cause acute and severe
reactionsin some, but not al Collie breeds. Colliesa so exhibit
adverse reactions with higher concentrations of ivermectin in
the brain [2,16,22,23,24].

Approximately 75% of Coalliesin the United States, France
and Ausgtrdia have a mutant allele for the expression of
modified p-glycoprotein [2,23]. Furthermore, the affected
breeds have a similar lineage that includes other sheepdog
breeds, such as Old English Sheepdogs, Australian Shepherds,
Shdties, English Shepherds, Border Callies, German Shepherds,
Longhaired Whippets and Silken Windhounds[22]. Breedsthat
suffer from a deletion of the MDR-1 gene are more likely to
experience adverse reactions in response to low doses of the
drug [22,23].

The CYP2B6 enzyme system (CYP2B6 is a member of the
cytochrome P450 group of enzymes) isencoded by the CYP2B6
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genein humansand CYP2B11in dogs[4]. Thisclassof enzymes
is responsible for the metabolism of a wide variety of drugs.
Whiletherisk of drug-drug interactionsinvolving human CY P2B
enzymes appearsto below dueto minimal involvement in drug
oxidation and low hepatic expression [4,26], canine CY P2B11
has exhibited surprisingly high levelsof activity invitro toward
drugsthat are used in dogs, such as benzodiazepines[4]. These
enzymes have also been shown to be induced or inhibited by
specific drugs. CYP1A11 was shownto be deficient in 10% of a
small population of Beagles[4,12,26].

The CYP1A2 enzyme is a member of cytochrome P450 that
isencoded by the CYP1A2 gene. Cytochrome P450 (CYP) isa
superfamily of enzymes that plays an important role in the
oxidative metabolism of a wide variety of xenobiotics and
endogenous compounds [27]. The expression of CYP1A2 is
induced by avariety of dietary constituents[4,14]. Additiondly,
this gene is constitutively expressed in human and dog livers
and involved in the metabolism of many drugs, including
caffeine, phenacetin, teophylline and tracing drugs[7,29].

Single nucl eotide polymorphisms (SNPs) have beenidentified
asdeficienciesin the canine CYP1A2 gene[3,14,21,26,27,30,31].
These deficiencies have been shown to significantly ater the
pharmacokinetic behaviour of two drugs and associated with
large inter-individua differencesin the kinetic behaviour of a
third drug [3,31]. Theresulting deficiency of CY PLA2 hasbeen
foundto causesignificant kingtic variationsin AC3933, YM-64277,
and afew other drugsin Beagles. However, the significance of
the effects of genetic polymorphisms of other canine CYPs
have not yet been fully explored [21].

In contrast, SNP genetic markers are considered to be the
most recent generation of molecular markers. These markers
are identified based on the subgtitution of one nuclectide for
ancther. Any of the four nucleotides may be present at any
position in the genome; therefore, it must be assumed that each
SNPhasfour dldes Thisistheoreticaly possible, but in practice,
the majority of SNPPvariants have only two aleles, the origina
sequence and a single mutated version. This is because of the
way in which they appear and are distributed in a population.

This study was conducted to gain further insight into the
characteristics of a breed or population and identify the SNP
genetic polymorphismsassoci ated with the three genes (MDR-1,
CYP1A2 and CYP2BL11) involved in the metabolism of drugs
used for medical trestmentsin several animals belonging to four
different canine breeds.

As severa authors have noted [19,21], further studies are
required to understand the regul atory effects of the polymorphisms
and their potential clinical relevance. The rationale was to
identify genetic polymorphismsin the genesthat encode proteins
and enzymesinvolved in drug transport, metabolism and action
that can predict the usefulness of a particular drug to increase
the numbers of responders and decrease the numbers of subjects
affected by adverse drug reactions.
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Thefuture of pharmacogeneticsand itsveterinary applications
will havelagting effects on clinical decisonsmadein thefuture.
The goal of drug therapy isto maximise the therapeutic effects
while minimising the adverse effects associated with drugs and
drug interactions.

Materials and Methods

A total of 106 different animals belonging to four different
canine breedswere studied; 25 Uruguayan Cimarrons, 23 Border
Coallies, 29 L abrador Retrieversand 29 German Shepherds. For
analysis, blood was extracted under aseptic conditions from
dogs while they were with their ownersin their houses. Blood
extraction was performed in afashion to cause minimal stressto
theanimal.

DNA was extracted from the blood samples using a DNeasy
Tissue Kit (Qiagen, the Netherlands) according to the
manufacturer’s instructions, after which the DNA quality and
purity were eva uated using aNanodrop ND1000 spectrophotometer.
Twenty-six SNPsbd onging tothree different genes, MDR-1 (5 SNP),
CYP1A2 (20 SNP) and CYP2B11 (one SNP), wereinvestigated
according to the results obtained by severa authors[18], with
reference to the SNP Cluster Report of the dbSNP (NCBI)
GenBank (Fig. 1 and Table 1). Sampleswere sent out to GeneSeek
(Neogen, USA) for SNP testing. A total of 5,512 sequences
wereanalysedinthe 26 loci (two sequencesfor eachlocusinthe
106 animals).

The obtained sequences were aigned using the BioEdit
programme[13] and manualy corrected. Theresulting sequences
were then analysed using the BLAST programme[1] to search
for themost smilar sequencesin GenBank (National Center for
Biotechnology Information, USA). Sequenceswerethendigned
with dosdy matching sequencesusing the CLUSTALW programme
[20]. SNP polymorphismswere analysed using GENETIX [5],
ARLEQUIN [6], multivariate descriptive statistical analyses
(correspondence analyses) [17] and the SNPStat programmes
[25].

The analysisof correspondence[17] isaninteresting method

Chromosome 14 - NC_006596.3
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Fig. 1. Locations of the three studied genes.
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Table 1. Locations and polymorphisms of the 26 SNPs studied in the three genes

Gene SNP identification

NCBI resources Polymorphism  Coding region

MDR-1
Chromosome 14
GenBank accession number:
NM_001003215.1
NC_006596.3

SNP1
SNP2
SNP3
SNP4
SNP5
CYP1A2

Chromosome 30

GenBank accession number:

AB159772.1

NC_006612.3

SNP6
SNP7
SNP8
SNP9
SNP10
SNP11
SNP12
SNP13
SNP14
SNP15
SNP16
SNP17
SNP18
SNP19
SNP20
SNP21
SNP22
SNP23
SNP24
SNP25
CYP2B11

Chromosome 1

GenBank accession number:

HG974426.1

NC_006583.3

SNP26

94440 : rs22322848 A/G Missense
43256 :rs22293032 AT Missense
98845 : rs22323006 A/G 37UTR
99035 : rs22323007 A/G 3"UTR
99199 : rs22323008 G/T 3°UTR
1582 : rs23648939 A/G Missense
1594 : rs23653112 A/G Missense
1613 : rs23653115 c/T Missense
2300 : rs23643750 c/T Missense
6274 1523653208 (2) 3°UTR
1677 :rs23653117 c/T Sinénima
2230 : rs8897971 G/T Missense
6024 : rs23653204 A/G Missense
6172 : 1523653206 A/G Missense
6314 : rs23653210 A/G 3°UTR
6401 : rs23652052 A/G 3°UTR
1944 : rs23648956 c/T Sinénima
5964 : rs23653202 C/G Missense
1620 : rs23653116 A/G Sinénima
1953 : rs23653144 A/G Sinénima
2304 : rs23630844 c/T Sinénima
1891 : rs23653141 A/C Missense
2104 : rs8897972 A/C Missense
2218 1 rs23630848 AT Missense
2362 : rs23643751 crT Splice region
11663 : rs21894687 A/G Splice region

of measuring genetic diversity. Thisandysisalowsinvestigation
of a qualitative variable (breed) in terms of other qualitative
variables (aleles) and the classical term of inertia can be
assmilated into diversity. This method is conceptually similar
to principal component analysis, but applies to categorical
rather than continuous data. In a manner similar to principal
component analyss, thismethod providesameans of displaying
or summarising a set of data in three-dimensional graphical
form. Theandyssisconducted fromacontingency table according
to breed in which the rows are composed of the dependent
variable (breed) and the columns are the set of explanatory
variables (dldes). Theanaysismodeismultiple correspondence.
Theresultsdlow acquisition of the relativeimportance (inertias)
of both breedsand alleles. A graphical representation is created
through asystem of pointsin Euclidean space, and the degree of
their robustnessis verified.

The SNPStat programme [25] has been designed to conduct
genetic association studies using SNPs and to analyse moderate
numbers of SNPs (26 DNPs in this paper). This programme
provides alele and genotype frequencies, a test for Hardy-
Weinberg equilibrium, analys s of the association with aresponse
variable based on linear or logistic regression, anaysis of
interactions, linkage disequilibrium getitics, haplotype frequency
estimation, analysis of the associations of haplotypes with the
response and analysis of interactions (haplotypes-covariate).
Descriptive statistics reveaed the relative frequency of each
estimated haplotype. The cumulative frequency is also known
to facilitate selection of the threshold cut-off point with which
rare haplotypesare grouped for further analysis. The association
analyses of haplotypes are similar to those of genotypesin that
logigtic regression results are shown as either ORsand 95% Cls
or as linear regression results with differences in means and
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95% Cls. The most frequent haplotypeisautomatically selected
as the reference category and rare haplotypes are pooled
together in a group. The analysis of haplotypes assumes an
additive model.

Results

The 26 SNPs examined in the 106 animal s exhibited different
frequenciesin each breed (Table 2). Each SNPwasdescribed in
terms of its allelic and genotype frequencies. An exact test for
Hardy-Weinberg equilibrium was performed, and it was
confirmed in the Uruguayan Cimarron population. Indeed, this
populatiion was in equilibrium for all loci (SNP12, SNP14,
SNP15, SNP16 and SNP18 0.05 < p < 0.10) and wastherefore
used as the control population. As shown in Table 2, SNP1,
SNP2, SNP3, SNP4 and SNP5 exhibited alelic fixation in the
Uruguayan Cimarron and Labrador Retriever breeds. Additiondly,
the Cimarron popul ation exhibited 101 oci without heterozygotes.

The Fis values are described in Table 3. All of the obtained
Fisvaueswere negative, indicating alack of inbreeding inthe
examined animals. The genetic distances of the four studied
breeds are shown in Fig. 2. The Cimarron population

Table 3. Fis values for the different canine breeds studied

Population Fis IC (95%)

Uruguayan Cimarron —0.27243 (—0.47561~ —0.14080
Border Collie —0.52382 (—0.63804~ —0.43738
Labrador Retriever —0.33678 (—0.55718~ —0.14448
(7

)
)
)
German Shepherd —0.41391 0.58617~ —0.29503)

Population 4
German Shepherd

P

22 Population 3
Labrador Retriever

Y (23.90%)

Population 1
Uruguayan Cimarron

8 Population 2 600
Border Collie -Boo

-1,
-4,000 -3,000 -2,000 -1,000 0 1,000 2,000

X (65.68%)

Fig. 2. Genetic distances between the four studied breeds.

(Population 1) exhibited agreater genetic distance with respect
to the Border Collie (Population 2), Labrador Retriever
(Population 3) and German Shepherd (Population 4) breeds.
Correspondence analysisindicated that the Border Collie breed
exhibited 60% inertia, which was the greatest inertia observed
in al four breeds, while the Uruguayan Cimarron breed
exhibited theleast (8%). Thefirst axis, which explained 65.68%
of the total inertia, clearly differentiated the Cimarron breed
from the other breeds. Axis 2 explained only 10.42% of thetotal
inertia, and the third axis, which explained 23.90%, did not
clearly discriminate any of the breeds. All genetic distancesfor
theanimalsand breeds are represented in Fig. 3. The Uruguayan
Cimarron breed exhibited the greatest genetic difference with
respect to the other studied breeds.

The haplotypes for al individuals were analysed using the
SNPStat programme, which enabled estimation of the haplotype
frequencies. Although the number of potential combinations of
haplotypes can bevery high (2°°), the most frequent haplotypes
(those with frequencies greater than 1%) included 12 in the
Cimarron population, 19 inthe Border Collie population, 22 in
the Labrador Retriever population and 18 in the German
Shepherd population. These haplotypeswere compared to those
of the control population, whilethose that exhibited frequencies
below 1% areincluded in therare hapl otypes section. Descriptive
statistics revedled the estimated relative frequency of each
haplotype (Table 4). The programme sel ected the most frequent
haplotype as the reference, while rare haplotypes were pooled
together into agroup. In each breed, the most frequent haplotype
wastermed hapl otype number 1. In the Cimarron breed, 34% of
the individuals exhibited haplotype number 1, while 21%
exhibited haplotype number 2 and the remaining haplotypes
had frequenciesbelow 10%. Border Colliesexhibited haplotype
number 1 at 32%, while the remaining haplotypes occurred at
frequenciesbelow 10%. The L abrador Retriever breed exhibited

= Population 1 Uruguayan Cimarron M Population 2 Border Collie
Population 3 Labrador Retriever m Population 4 German Shepherd

%
L 7
20 3 /
© 77 Yl
i 7 74 7 7
3 2 778 7, %
* 0
] 7 i
b : 3%45‘65%'90‘
i e

“BO00 6000 -4000 2000 0 2000 4000  goo0 oo 00

X (62.68%)

Fig. 3. Genetic distances for animals and breeds when all
animals are represented.
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Table 4. Comparisons and haplotype frequencies in the breeds

Breed Haplotype SNPs Haplotype frequency
Uruguayan Cimarron Haplotype 1 ATG ATG ATC CCT AAG ACC AAT ACT CG 0.34
Haplotype 2 ATG ATA ATT CCG AGA GCG AGT CAA TG 0.2133
Border Collie Haplotype 1 ATG ATA ATT CCT GGG ACC AGT CAA CA 0.3219
Haplotype 2 ATG ATA GCC TTG GAA GCC AAT CCTTA 0.0903
Labrador Retriever Haplotype 1 ATG ATA ATC CCT GGG ACC AAT CAT CA 0.3621
Haplotype 2 ATG ATA ACC CCT GAG ACC AAT CCT CA 0.069
German Shepherd Haplotype 1 ATG ATA ACC CCT GAG ACC AAT CCT CA 0.1653
Haplotype 2 ATG ATA ATC TTG GGA GCC AGT CCATA 0.1328
*Bold characters differ from haplotype number 1.
Table 5. The SNP22 association with response status (n = 81, crude analysis)
Model Genotype >'atds = Status = OR (95% Cl) value AIC BIC
YP€ " 9—Control 1—Case ° P
Codominant c/C (33.3%) (78.8%) 1.00 < 0.0001 97.7 105.7
C/A (33.3%) (17.5%) 0.22 (0.07-0.69)
A/A (33.3%) (3.8%) 0.05 (0.01-0.22)

OR: odds ratios, Cl: confidence interval, AIC: Akaike information criterion, BIC: Bayesian information criterion.

hapl otype number 1 at 36%, whilethe German Shepherd breed
exhibited haplotype 1 at 16% and haplotype number 2 at 13%.
The remaining haplotypes exhibited frequencies below 10%.

Analysisof the associations of each SNPwere performed for
the binary response variable, and logistic regression analysis
provided asummary of the genotype frequencies, proportions,
oddsratiosand 95% confidenceintervals. All of these analytical
parameters were obtained for all animals and all studied loci.
We used the null hypothesis of similar effectsin all studied dog
breeds to determine if significant differences existed among
breeds. An example of locus SNP22 is shown in Table 5, in
which the SNP marker exhibited a significant difference from
the control population (p < 0.0001). Inthis case, an association
with the effects on the CY PLA2 gene was shown.

According to the obtained results, the following 10 of the 26
SNPs exhibited significant differences and were associated
with drug sensitivity: SNP6, SNP12, SNP15, SNP16, SNP20,
SNP21, SNP22, SNP24 and SNP25 of the CYP1A2 gene, and
SNP26 of the CYP2B11 gene. All of these SNPs are potential
candidates for studies of drug sensitivity in these breeds.

Discussion

The results obtained in this study revealed that three breeds
(Border Collie, Labrador Retrievers and German Shepherd)
exhibited severa candidate aleles useful for investigation of
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genes that control drug sensitivity.

The correspondence analysisindicated that the Border Collie
breed exhibited greater genetic variability and reduced inbreeding
characteristics (—0.52382 Fis; Fisvauesrangefrom —1to+1).
In contrast, the Uruguayan Cimarron breed exhibited lessgenetic
variahility and fewer inbreeding characteristics (—0.27243 Fis
value) and was a so free of inbreeding problems.

SNPs have been used as markers for diagnoses of specific
featuresthat are abundant in the genome, geneticaly stableand
eadly andysed. Theunderlying principleisbased onidentifying
associations between agene or genesthat affect avariable (e.g.,
drug resistance) and the SNP markers. The individuas are
classified by genotype for a marker. If the application of a
statistical programme (i.e., SNPStat in the present study)
revealssignificant differences between genotypic classes, it can
be concluded that there is an association between that marker
and the studied characteristic. Our results indicated that the
Border Collie, Labrador Retriever and German Shepherd breeds
exhibited significant differencesfrom the Uruguayan Cimarron
breed in 10 SNPs of the CYP1A2 and CYP2B11 genes.

Different studies have examined the frequencies of severa
sngle nucl eotide substitutions of caninegenesthat are associated
with product resistance and drug sensitivity to survey other
purebred populationsthat might be geneticaly at risk [3,24,29].
Our results are concordant with those obtained by other authors
who have examined other canine breeds. The CYP1A2 gene of
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the Beagle breed has been examined using the cSNP method
[14,21] and anon-functiond dldethat indicated that interindividua
differencesin the pharmacokineticsof CY PLA2 substrates should
be examined in this breed was discovered. Additionally, one
SNPidentifiedin CYP1A2 causssaprotein dd etion and deficiencies
intoxicologica evauations[27].

Most common diseases involve complex genetic traits, and
multiple genetic and environmental components contribute to
susceptihility. It hasbeen proposed that common genetic variants,
including single nucleotide polymorphisms (SNPs), influence
the susceptibilities to common disease. This proposal hasbegun
to betested in numerous studies of the associ ations between the
genetic variations in these common DNA polymorphisms and
thevariationsin disease susceptibilities. Our preliminary results
indicate that several polymorphismswere present in the studied
genes and that these polymorphic loci are potential candidates
for investigations of drug resistance. The analysis of these
genetic marker SNP candidates might be very useful before
subjecting animals to drugs and other medica treatments
because they are easily identified, and the methodology is
smpleandinexpensive. Theresultspresented hereinwill contribute
to efficient and reliable studies of drug candidates in dogs.

Pharmacogeneti cs providesthe opportunity to dinicaly practice
the best possible drug therapy. Thistechnology can detect animds
that might be at risk and verify their genotypic characteristicsto
persondise drug therapy at the individual level rather than the
population level. With advances that provide clear genetic
responses, we can identify new drug targets and more precisely
apply drug therapy to minimise adverse effects and maximise
therapeutic benefits. Academic and clinical research effortsin
pharmacogenetics and pharmacogenomics might be beneficia
to the entirety of veterinary medicine in the coming years.
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