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Abstract

Chronic kidney disease (CKD) affects 10% of the human population, with only a small frac-

tion genetically defined. CKD is also common in dogs and has been diagnosed in nearly all

breeds, but its genetic basis remains unclear. Here, we performed a Bayesian mixed model

genome-wide association analysis for canine CKD in a boxer population of 117 canine

cases and 137 controls, and identified 21 genetic regions associated with the disease. At

the top markers from each CKD region, the cases carried an average of 20.2 risk alleles, sig-

nificantly higher than controls (15.6 risk alleles). An ANOVA test showed that the 21 CKD

regions together explained 57% of CKD phenotypic variation in the population. Based on

whole genome sequencing data of 20 boxers, we identified 5,206 variants in LD with the top

50 BayesR markers. Following comparative analysis with human regulatory data, 17 puta-

tive regulatory variants were identified and tested with electrophoretic mobility shift assays.

In total four variants, three intronic variants from the MAGI2 and GALNT18 genes, and one

variant in an intergenic region on chr28, showed alternative binding ability for the risk and

protective alleles in kidney cell lines. Many genes from the 21 CKD regions, RELN, MAGI2,

FGFR2 and others, have been implicated in human kidney development or disease. The

results from this study provide new information that may enlighten the etiology of CKD in

both dogs and humans.
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Author summary

Chronic kidney disease (CKD) is described as a set of heterogeneous disorders affecting

kidney structure and function. CKD is common in dogs and has been diagnosed in nearly

all breeds. In this study, we identified 21 genetic regions associated with CKD in a boxer

population and investigated the relevant genes and putative regulatory variants in these

regions. Studies of canine CKD may help to better understand the pathology of kidney

disease in both dogs and humans, and shows an important potential for early identifica-

tion of high-risk individuals.

Introduction

Chronic kidney disease (CKD) in humans is comprised of heterogeneous disease pathways

that result in structural damage or decreased function presented as reduced glomerular filtra-

tion rate (GFR) or other markers of kidney disease for a period of more than three months [1].

In humans, CKD consists of clinically distinct disorders, also including congenital anoma-

lies of both the kidney and urinary tract (CAKUT) and kidney disease secondary to hyperten-

sion and diabetes. This group of diseases represents a heavy and increasing disease burden in

humans with prevalence estimates >10% and with substantial variation between human popu-

lations [2,3].

CKD also commonly occurs in dogs and cats [4,5]. The incidence of CKD in dogs is most

likely between 0.5–1.5% and estimates from clinical data indicate that 10% of dogs over the age

of 15 years are diagnosed with CKD [4]. Epidemiological analysis based on insurance data has

shown an average incidence of kidney disease in general (without distinction between acute

and chronic forms) of around 1.6% and significant differences in risk between Swedish dog

breeds, with the highest incidence in the Bernese mountain dog, miniature schnauzer and

boxer [5].

Although CKD may be initiated by environmental factors, a clear and significant genetic

contribution has been shown in humans, strongly supported by heritability estimates of both

disease and markers of kidney dysfunction, familial clustering, as well as linkage and genome-

wide association studies (GWAS) [6–9]. It has become obvious that hundreds of genes contrib-

ute to complex forms of kidney disease as well as to the variation in markers associated with

healthy kidneys [9,10]. Estimated glomerular filtration rate (eGFR), which is used as a marker

for CKD in humans, was found to have high heritability (~29%) in a large biobank-study and

more than 300 loci associated with eGFR-values were identified [11]. To date, more than 600

genes and loci have been implicated in monogenic and complex kidney diseases [12]. Causal

variants associated with CKD may include rare monogenic or private variants, or common

alleles with smaller effects. Additional variants are associated with kidney function markers,

like eGFR and serum creatinine level [13].

A number of reports describe inherited renal disease in different dog breeds: Autosomal

recessive hereditary nephropathy is noted in shih tzu [14], cocker spaniel [15], English

springer spaniel [16], and Bernese mountain dog [17]; an autosomal dominant hereditary

nephropathy in the bull terrier dogs [18]; and an X-linked hereditary nephropathy in Navasota

dogs [19]. For decades, there have been concerns about a relatively high incidence of CKD in

boxers. Based on pedigree studies breeders have suspected that CKD in young dogs commonly

referred to as juvenile kidney disease (JKD), might have a genetic component. In a retrospec-

tive juvenile nephropathy study of 37 boxers less than five years old, Chandler[20] reported
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morphological findings of interstitial fibrosis, cell infiltration, dilated tubules and sclerotic glo-

meruli, Hoppe and Karlstam [21] described fetal, immature glomeruli and foci with small dys-

plastic structures surrounded by immature mesenchymal tissue in three CKD boxer puppies.

Kolbjørnsen et al [22] studied morphological characteristics in seven related boxer dogs, three

males and four females, between two months and five years. All cases had bilaterally small kid-

neys with segmental scarring and pronounced interstitial fibrosis. Across different studies of

boxers, several dogs share these morphologic features of immature glomeruli, atypical tubules,

proliferative arterioles and adenomatoid change [21,23,24]. Such features were less prominent

in the study by Chandler [20], who also found a high frequency of incontinence and urinary

tract infections in the studied boxers. Kolbjørnsen et al [22] classified the morphological fea-

tures as reflux nephropathy or segmental hypoplasia. One case of juvenile nephropathy/

nephronophthisis in boxers has also been reported [25].

The different studies show variation in morphology and time at onset, indicating that there

may be a significant phenotypic and genetic heterogeneity also within the boxer breed. In this

study, we aimed to uncover the genetic loci that contribute to canine CKD in a boxer population

and explore candidate genes and functional variants within the associated regions. We hope this

study will further improve our understanding of the genetic mechanism of CKD in dogs, which

may in turn allow us to establish a canine model to facilitate the relevant studies in humans.

Results

CKD sample collection and genotyping

In this study, a total of 362 boxer samples were collected from Australia, Denmark, Finland,

Germany, Norway, Sweden, UK and US (S1 Table). Only cases below six years of age and con-

trols above eight years were included in this this study. The diagnosis of CKD in these dogs

was supported by clinical characteristics, clinical pathology data, or a combination of them

(see Materials and Methods). All individuals were genotyped with the Illumina Canine Bead-

Chip. After removing samples for high-inbreeding, missingness, relatedness, and low sup-

ported phenotype, a final set of 117 cases and 137 controls with 101,664 markers was used for

the association analysis, with UU_Cfam_GSD_1.0 (CanFam4) as the reference assembly.

Candidate regions for CKD

We estimated the effect size of markers for CKD using the BayesR algorithm. BayesR models

the effect sizes of all variants simultaneously, provides unbiased estimates of the variants with

larger effect sizes, with fewer false negatives and higher rate of true versus false positives, com-

pared to traditional single-SNP GWAS with a linear mixed model [26]. The top 50 markers

from Bayesian analysis were selected as disease associated candidates, presenting with an abso-

lute effect size > 0.00047 (8.2 SDs from the mean; Fig 1A and S2 Table). We investigated these

top 50 BayesR markers in 75 different dog breeds from a previous study [27], and the frequen-

cies of the risk allele varied greatly among these breeds (S3 Table). Based on whole genome

sequencing (WGS) data from 20 Norwegian boxers (S4 Table), we imputed genotypes on auto-

somes for all samples in the Bayesian set. A total of 5,206 imputed variants (3,924 SNPs + 1,282

Indels) were discovered in the strong linkage disequilibrium (LD, r2 > 0.9) with the Bayesian

candidate markers and defined the CKD candidate regions.

Twenty-one CKD associated regions (Table 1 and S1 Fig) were detected across 15 autosomes

with a total size of 15.9 Mb (mean region size of 756 Kb). At each CKD region, marker with the

highest effect were selected, and their allele frequencies are illustrated in Fig 1B. The allele load for

these 21 markers showed that the cases carried an average of 20.2 risk alleles, significantly higher

than the 15.6 in the control group (Fig 1C, p< 2.2x10-16; t-test). With a cutoff of 17 risk alleles, the
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odds ratio of CKD status was 17.3 (95% CI: 8.5–35.2) between high and low load groups. This risk

allele load was counted in the 75 other dog breeds mentioned above (S5 Table). In this boxer pop-

ulation, an ANOVA test indicated that these 21 top markers together explained 57% of pheno-

typic variation (S6 Table). A total of 146 protein coding genes were identified within or nearby

(the closest gene on each side) the CKD regions (Table 1). Gene ontology analysis didn’t reveal

enriched terms relevant to kidney development or disease. Interestingly, selection signals from

dog domestication were found inside the two top CKD regions on chr18 and 28, and within a

short distance from the CKD regions (< 300 Kb) on chr2, 11, and 14 (S7 Table).

Functional annotation of variants in CKD regions

Using the UU_Cfam_GSD_1.0 annotation from NCBI, we investigated the genomic location

of the 5,206 imputed variants. Most of them were present in intronic or intergenic regions (S8

Table). Fifteen variants occurred in coding regions, and four of these were nonsynonymous

Fig 1. Association analysis of chronic kidney disease (CKD). (A) Manhattan plot of absolute SNP effect from BayesR analysis. The top 50 markers

(green dots) with the highest effect were selected as candidates. 21 CKD regions were identified when merging linkage disequilibrium blocks of

candidate markers. Genes relevant to kidney development or human disease were exhibited near the CKD region. (B) Risk allele frequency at the top

marker from each of 21 CKD regions in cases (red) and controls (blue). Based on coordinates, appendix (1), (2), and (3) were added for the markers

from the same chromosome. (C) Distribution of risk allele load for the cases (red) and controls (blue). On average, the cases carried 20.2 risk alleles,

which is 4.6 higher than the controls (grey dash lines indicated the average load for cases and controls).

https://doi.org/10.1371/journal.pgen.1010599.g001
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mutations, leading to amino acid changes in a total of 12 transcripts of four genes, Membrane
Associated Guanylate Kinase, WWAnd PDZ Domain Containing 2 (MAGI2), Intersectin 2
(ITSN2), Ankyrin Repeat Domain 17 (ANKRD17), and Lysine Methyltransferase 2E (KMT2E)

genes (S9 Table). PROVEAN prediction on the effect suggested only the c.1784G>C (p.

Arg595Thr, XM_038560916.1) in ITSN2 as a deleterious mutation (PROVEAN score = -3.11)

[28]. According to a canine variant dataset (Dog10K, 1929 individuals), this alternative allele G

is rare in purebred dogs (F = 0.002), but common in the tested boxer population, for both cases

(F = 0.51) and controls (F = 0.71). Considering its high frequency, we assumed the actual muta-

tion effect could be relatively mild, otherwise it would be rapidly removed through breeding.

The large number of non-coding variants triggered our interest to investigate their potential

regulatory function. We analyzed the phyloP constraint score for 3,924 imputed SNPs. 233

SNPs were found with intermediate score (phyloP > 1), of which 38 SNPs were highly con-

strained (phyloP>2.54, FDR < 5% in dog). The imputed SNPs were lifted to the human

genome (hg38) to intersect with regulatory elements from three databases: Candidate cis-Reg-

ulatory Elements (cCREs, ENCODE) [29], promoter and enhancer (GeneHancer)[30], and

Table 1. Candidate regions of chronic kidney disease from Bayesian analysis.

Chr Start End Genes Top marker Risk/protective

allele

Absolute

effect size

chr18 13894632 19137370 PRKAR2B1, ARMC10, ATXN7L1, CCDC146, CCDC71L, CDHR3, DNAJC2,

EFCAB10, FAM185A, FBXL13, FGL2, GSAP, KMT2E, LHFPL3, LOC111090910,

LOC111091026, LOC119877215, LOC119877227, LRRC17, MAGI2, NAMPT,

NAPEPLD, ORC5, PHTF2, PIK3CG, PMPCB, PSMC2, PTPN12, PUS7, RELN,

RINT1, RSBN1L, SLC26A5, SRPK2, SYPL1, TMEM60, GNAI12

BICF2S23128680 T/C 2.96E-03

chr28 30794656 31398277 SEC23IP1, PLPP4, WDR11, FGFR22 BICF2P865971 C/G 1.96E-03

chr21 34721445 35231857 LOC6115631, GALNT18, USP472 BICF2S23054624 T/C 1.56E-03

chr11 19343187 20249022 CHSY31, ACSL6, CDC42SE2, FNIP1, HINT1, LOC100685666, LOC608048,

LYRM7, MEIKIN, RAPGEF6, IL32
BICF2G630296198 A/C 1.48E-03

chr5 65922431 66047923 LOC1198719201, JPH3, KLHDC4, ZCCHC142 BICF2P515777 G/A 9.72E-04

chr35 15192697 15449129 CD831, JARID22 BICF2P1261670 T/C 8.52E-04

chr11 17505149 18064500 FBN21, ISOC1, SLC27A6, ADAMTS192 BICF2P686280 T/G 7.56E-04

chr20 16166851 16496650 LOC1198773021, CNTN6, CHL12 BICF2S23036843 G/A 7.48E-04

chr2 36171795 36346340 GNPDA11, LOC111094597, NDFIP1, SPRY42 BICF2P720430 A/G 7.04E-04

chr35 14782605 14990410 RNF1821, CD83, JARID22 TIGRP2P407148 T/C 6.81E-04

chr13 62465257 63189828 NPFFR21, ADAMTS3, ANKRD17, COX18, ALB2 BICF2G630745991 T/C 5.59E-04

chr24 47293118 47757555 GATA51, COL9A3, DIDO1, GID8, LOC102155734, LOC119865717,

LOC119877506, MRGBP, NTSR1, OGFR, SLC17A9, SLCO4A1, TCFL5, YTHDF12
BICF2G630495908 A/G 5.18E-04

chr28 40043492 40612284 TCERG1L1, BNIP3, JAKMIP3, PPP2R2D, DPYSL42 BICF2P820347 G/A 5.09E-04

chr35 10883955 11451705 LOC1110939961, LOC111093987, TFAP2A2 BICF2G630773785 C/T 5.08E-04

chr20 36943764 36997397 CACNA1D1, DCP1A, TKT, PRKCD2 BICF2P1410711 C/T 5.08E-04

chr14 21555861 22230955 SLC25A131, DLX5, DLX6, SDHAF3, LOC1006827722 BICF2P426684 C/T 5.06E-04

chr36 9385527 9637702 FIGN1, GRB142 BICF2G630762815 C/T 5.02E-04

chr30 14100979 14537434 LOC1198777561, LOC111093333, SEMA6D, SLC24A52 BICF2P1443519 T/C 4.92E-04

chr14 49731336 50705080 DNAJB91, IMMP2L, LRRN32 BICF2P969730 C/T 4.92E-04

chr17 18554108 19805628 UBXN2A1, ADCY3, CENPO, DNAJC27, DNMT3A, DTNB, EFR3B, FAM228B,

FKBP1B, ITSN2, LOC106559895, LOC119877151, LOC119877152, NCOA1,

PFN4, POMC, PTRHD1, SF3B6, WDCP, ASXL22

BICF2P257298 A/G 4.78E-04

chr3 1096897 2091900 NREP1, CAMK4, SLC25A46, STARD4, TMEM232, TSLP, WDR36, MAN2A12 BICF2P1176410 T/C 4.68E-04

1 the closest gene from the upstream of CKD region

2 the closest gene from the downstream of CKD region

https://doi.org/10.1371/journal.pgen.1010599.t001
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DNase I hypersensitivity sites (HS, ENCODE)[30]. As a result, a total of 14 SNPs with

phyloP > 2.54 were observed in cCRE, GeneHancer elements, or showed HS signals in more

than 30 of 95 cell lines. Meanwhile, three additional SNPs with intermediate scores (phyloP

between 1 to 2.56) were found in cCRE elements and showed strong HS signals in > 30 cell

lines. With electrophoretic mobility shift assay (EMSA), we tested the regulatory function of

these 17 putative regulatory SNPs (C1-C17; S10 Table and S2 Fig). Four SNPs, two from the

introns of MAGI2 (C8 and C9), one from the intron of Polypeptide N-Acetylgalactosaminyl-
transferase 18 (GALNT18, C13), and one (C14) in the intergenic region on chr28, showed

allele-specific binding in HEK293 or/and MDCK cell lines, implying the allele substitution at

these positions could lead to change of protein-nucleic acid interaction.

CKD region on chr18

The strongest Bayesian signal was found on chr18. A ~5.2 Mb CKD region consisted of two

LD blocks and contained 18 Bayesian candidate markers (Fig 2A). The marker with the highest

effect (BICF2S23128680; chr18: 16,900,760) was located in LD block 1, in the intron of the

Reelin (RELN) gene (Fig 2B), and the risk allele frequency was 0.62 in cases and 0.38 in con-

trols. RELN encodes a large extracellular glycoprotein that is required for specific biological

activities at different times during embryonic development [31]. In the kidney, Reelin is highly

expressed in proximal convoluted tubules and distal convoluted tubules in the early fetal stages

of development, suggesting its participation in nephrogenesis [32]. Among the 17 putative reg-

ulatory SNPs mentioned above, eight of these reside in this CKD region (C3-C10; Fig 2C). The

SNP C4 (chr18: 16,949,830) was identified from the intron of RELN, and was constrained

among mammals (phyloP = 2.91) with a putative regulatory function (HS signals and cCRE

enhancer; Fig 2C). However, EMSA analysis did not detect any protein-nucleic acid interac-

tion on this site. Interestingly, metalloproteinase with thrombospondin motifs-3 (ADAMTS3),

which encodes a protease that directly cleaves and inactivates reelin [33], was identified from

the other CKD region on chr13. This implies that these two genes could contribute to CKD in

the same pathway. Notably, the LD block 1 contained a selection signal (chr18:15.7–16.1 Mb),

which was identified as the strongest signal in a demographically-based domestication study

[34] and repeatedly reported in a parallel evolution analysis between dogs and humans [35].

From the other LD block 2, MAGI2 is important for kidney barrier function [36]. Loss of

MAGI2 in podocytes can disrupt the slit diaphragm and morphologic abnormalities of foot

processes in kidney [37]. In humans, MAGI2 is involved in the regulation of cytoskeletal rear-

rangement in podocytes, with its loss predisposing to proteinuria and CKD [38]. Within

introns of the MAGI2 gene, we identified four putative regulatory variants (C7-C10; Fig 2C),

and two of these showed allele-specific binding in EMSAs (Fig 2D). The SNP C8

(chr18:18518972) had a relatively low phyloP score of 1.48, but was located in an enhancer ele-

ment (EH38E2565734, cCRE) and overlapped with HS signals in 41 cell lines. EMSA exhibited

much stronger binding for the C protective allele than the T risk allele in HEK293. According

to the Dog10K dataset, the risk allele is rare in wolves (F = 0.07), but has a high frequency in

both purebred dogs (F = 0.74) and village dogs (F = 0.51), indicating that the risk allele may be

under selection during breeding or domestication. The SNP C9 sits at a highly constrained

position (phyloP = 6.2) in an enhancer (EH38E2565751, cCRE). The EMSA binding band was

strong for the G protective allele in HEK293 (Fig 2D).

CKD region on chr28

The second strongest association was found in a region at chr28: 30.8–31.4 Mb (Fig 3), with

the highest marker effect of 0.002 (BICF2P865971). Most imputed variants in LD (r2 > 0.9)
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Fig 2. Chronic kidney disease (CKD) region on chr18 (chr18:13.9–19.1 Mb). (A) Eighteen Bayesian candidate

markers (green dots) were observed in this region, and are present in two linkage disequilibrium (LD) blocks. (B)

Annotated genes were identified around the CKD region. One selection signal of dog domestication and a ~500 Kb

reported genomic duplicates were observed in this region. 2,064 imputed variants were found within the same LD of

Bayesian candidate markers. (C) 76 imputed SNPs with phyloP score> 1 were lifted to human genome (hg38), and

intersected with the regulatory elements from the candidate cis-Regulatory Elements (cCRE; red bars) and

GeneHancer databases (blue bars), as well as the hypersensitivity (HS) signal from 95 cell lines (the height of the bar

indicated the number of cell lines with the HS signal). (D) Eight putative regulatory SNPs (C3-C10) from the CKD

region were tested with electrophoretic mobility shift assays (EMSAs). SNPs C8 and C9 showed alternative binding

ability between the risk and protective alleles in HEK293 cell line.

https://doi.org/10.1371/journal.pgen.1010599.g002
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were observed in the intergenic region between WD Repeat Domain 11 (WDR11) and Fibro-
blast growth factor receptor 2 (FGFR2). Mutations in WDR11 can cause congenital hypogona-

dotropic hypogonadism (CHH) and Kallmann syndrome (KS) in humans [39], with unilateral

or bilateral renal agenesis being a common phenotype in these patients [40]. FGFR2 is critical

for early metanephric mesenchyme and ureteric bud formation in kidney [41]. FGFR2 is 197

Kb outside of the CKD region, but resides in the same TAD domain as the top BayesR mark-

ers. There is a human FGFR2 enhancer (GH10J121157) annotated in this CKD region, but no

imputed variants were detected there. Interestingly, a reported domestication selection signal

(chr28:31.1–31.2 Mb) was also found inside the CKD region.

CKD region on chr21

A 510 Kb region on chr21 exhibited the third strongest association with CKD and includes

four Bayesian candidate markers, with the highest effect of 0.0016 (BICF2S23054624; Fig 4).

This region harbors only one gene, GALNT18, which is expressed ubiquitously in various

human tissues including kidney [42]. A longitudinal analysis in lupus patients showed that the

demethylation of GALNT18 was associated with the development of active lupus nephritis

[43]. Examination of imputed variants in the region revealed two putative regulatory SNPs,

C12 and C13 (Fig 4). C12 is present at a constrained position (phyloP = 2.65) in an enhancer

element (EH38E1520515; cCRE), 194 Kb downstream of GALNT18. C13 (phyloP = 5.05) is

located within an intron of GALNT18, and overlaps with an enhancer element

(EH38E1520796; cCRE), which showed HS signals in 17 cell lines. EMSA analysis revealed

allele-specific binding of C13 in both HEK293 and MDCK alleles. The risk allele T is rare in

wolves (F = 0.009), but had a 16 times higher frequency in purebred dogs (F = 0.14).

Other CKD regions

Eighteen other CKD regions were identified on 14 autosomes, with the top SNP effects ranging

from 0.00046 to 0.0015. By screening these CKD regions, we identified and functionally tested

seven putative regulatory SNPs. From the CKD region at chr28:40–40.6 Mb, one putative regu-

latory SNP (C14) showed the allele-specific binding in both HEK293 and MDCK (S3A and

S3B Fig). C14 is located at constrained position (phyloP = 4.3) of an enhancer element

Fig 3. Chronic kidney disease (CKD) region on chr28 (chr28:30.8–31.4 Mb). Three candidate markers (green dots)

from Bayesian analysis were found in this CKD region with the highest effect of 0.002. One selection signal was found

nearby the candidate markers. Most of the imputed variants were located in the intergenic region between the WDR11
and FGFR2 genes in the same TAD.

https://doi.org/10.1371/journal.pgen.1010599.g003
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(EH38E1511661; cCRE) in an intergenic region. From the same LD block of C14, BCL2-Inter-
acting Protein 3 (BNIP3) plays a protective role against ischemia-reperfusion injury in renal

tubular cells via regulating mitophagy [44].

Discussions

In this study, we used a Bayesian approach and identified 21 genetic regions associated with

CKD in boxer dogs. These loci together explain 57% of the phenotypic variation. Meanwhile,

we screened variants in LD with the top 50 BayesR markers, and identified 17 putative regula-

tory SNPs in evolutionary constrained positions. EMSAs confirmed that four SNPs, from the

Fig 4. Chronic kidney disease (CKD) region on chr21 (chr21:34.7–35.2 Mb). Four Bayesian candidate markers

(green dots) were identified in this 510 Kb CKD region. Within the LD of the candidate markers, two putative

regulatory SNPs, C12 and C13, were identified from the downstream region and intron of GALNT18 gene. EMSA

validation illustrated allele-specific protein-nucleic acid binding of C13 in both HEK293 and MDCK cell lines.

https://doi.org/10.1371/journal.pgen.1010599.g004
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introns of MAGI2 and GALNT18, and an intergenic region of CKD on chr28, exhibited allele-

specific binding in kidney cell lines, implying their potential function on CKD in boxers.

The process of domestication may have led to an increase in number and frequency of dele-

terious genetic variants, due to the artificial selection and population drift [45]. In this study,

five CKD regions were identified around domestication selection signals. Additionally, dra-

matic changes in allele frequency between wolves and purebred dogs were found in two puta-

tive regulatory SNPs (C8 and C12). This suggests that selection or drift may be partially

responsible for an increased prevalence of CKD in some dog breeds, and may also provide an

insight into the origin of the genetic basis of disease.

Estimated LD extends ~50-fold greater distances within dog breeds than in humans [46]. In

this study, the large region of 5.2 Mb on chr18 showed the strongest association with CKD.

Although CKD candidate genes, like RELN and MAGI2, were easily recognized for their rele-

vance to kidney function, it remains unclear if other genes from the locus or the interaction

between them participate in CKD pathogenesis. To address the importance of these genes, it

would be helpful to examine the CKD region in different breeds. Within the same TAD as the

CKD region on chr28, the FGFR2 is an interesting gene due to its function in the development

of early embryos [47]. Two major splice variants of FGFR2, FGFR2IIIb, and FGFR2IIIc, were

predominantly expressed in distinct tissues with differential ligand affinity [48]. Fgfr2IIIb null

mice showed reduction in both kidney size and number of presumptive nephrons [49]. In our

study, screening of human-based annotated elements did not reveal any potential regulatory

variant in this gene. Thus, investigation of the dog-specific regulatory elements in the region

may be helpful.

In addition to the top CKD regions, genes from other CKD regions may also be essential to

kidney function. For example, near the CKD region on chr35 (chr35:10.8–11.4 Mb), transcrip-

tion factor AP-2 alpha (TFAP2A) acts as a gatekeeper of differentiation during kidney develop-

ment, by activating the terminal differentiation program of distal segments in the pronephros

[50]. DNA (cytosine-5)-methyltransferase 3A (DNMT3A) from the CKD region on chr17

(chr17:18.5–19.8 Mb) is responsible for the methylation of gene regulatory regions that act as

enhancers during kidney development [51]. Located in the CKD region on chr5 (chr5:65.9–

66.0 Mb), Junctophilin 3 (JPH3) was identified in an association study of human CKD in

4,829 Japanese individuals [52]. YTH N6-Methyladenosine RNA Binding Protein 1 (YTHDF1)

near the CKD region on chr24 (chr24:47.2–47.7 Mb) was highly expressed in the human

fibrotic kidneys as a key contributor for renal fibrosis [53]. Folliculin interacting proteins-1
(FNIP1) was located in the CKD region on chr11 (chr11:19.3–20.2Mb). Disruption of FNIP1

resulted in the enlarged kidney size and significantly increased renal cyst formation [54].

At the 21 identified CKD loci, the load of risk alleles was significantly different between

cases and controls (Fig 1C). Meanwhile, we investigated the risk alleles load of 21 CKD loci in

75 other breeds (S5 Table). It showed some breeds with high prevalence of CKD have a high-

risk allele load, e.g., Cavalier King Charles Spaniel (22 alleles) [55], Collie (22 alleles), flat

coated retriever (22 alleles) and Shih tzu (20 alleles) [5]. But other high-prevalence breeds were

observed with a relatively low load, e.g. miniature schnauzer (18 alleles), boxer (17 alleles) [5]

and Labrador retriever (17 alleles)[56]. This finding may indicate genetic heterogeneity, and

that different sets of risk loci may play roles in CKD in other breeds. Therefore, the association

of 21 risk loci and CKD in other breeds needs to be verified. To fully understand the genetics

of CKD in canine, accurate diagnosis and sample collection from a wide range of breeds is

required. This will aid cross-breed investigation, but will also increase the power to detect the

loci with low effect through meta-analysis, and allow for fine mapping of shared CKD regions

across breeds [46].
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This analysis also has a potential value in risk estimation. In humans, risk scores based on

the high number of identified CKD loci, such as polygenic risk scores (PRS)[57] and genomic

risk score (GRS)[58], have been established for early identification of individuals at risk. A

similar score system could be developed for canine CKD. We tentatively used the SNP effect

from the BayesR analysis to estimate polygenic risk scores on 107 additional dogs, which were

excluded from our original material due to the quality control. For this additional cohort pre-

dictions of polygenic risk scores yielded an odds ratio of 13.5 for being cases versus controls

using risk scores below or above 0 as the decision threshold, where 0 was the average risk

score. This finding will open important possibilities for early intervention and preventive mea-

sures for young dogs, and additionally provides a unique opportunity for selection of the

breeding dogs at the lowest risk to reduce disease incidence. In conclusion, studies of canine

CKD may help us understand the pathology of kidney disease in both dogs and human

patients, and show an important potential of early identification of patients in predictive

medicine.

Materials and methods

Ethics statement

All examination and sample collection of involved dogs were performed as part of the neces-

sary diagnostic work-out by certified veterinarians according to ethical guidelines of the Nor-

wegian University of Life Sciences or Swedish University of Agricultural Sciences. Sample

collection in Finland was ethically approved by the Animal Ethics Committee of State Provin-

cial Office of Southern Finland (ESAVI/343/04.10.07/2016). Written or verbal consents were

obtained from the owners.

CKD diagnosis

There is significant age variation in boxers affected by CKD. Still, because of the high preva-

lence of CKD in younger dogs, only cases below 6 years of age (average 2.6 years) were

included in this study. The support for the diagnosis varied between samples and countries for

both cases and controls and was based on a combination of available information and age. The

diagnostic support was based on either i) clinical characteristics only. Evaluation of samples

includes general clinical evaluation, with urine analysis, clinical chemistry with elevated creati-

nine, urea and/or SMDA ++; ii) clinics with clinical chemistry. Same as above, and with addi-

tional clinic chemistry test of serum sample at Norwegian University of Life Science, or iii)

morphology evaluation with clinical data or clinical pathology data (S11 Table). Most samples

with kidney tissues available were evaluated pathomorphologically in Norway or Sweden.

Controls were collected from healthy elderly dogs (>8 years; average 9,8 years), with no

known history of renal failure or urinary tract infections, and often supported with serum bio-

chemistry analyses within reference intervals. For some control dogs, we were able to confirm

a healthy kidney by morphology in older dogs euthanized for other reasons than kidney

disease.

Macroscopic renal lesions

The typical cases showed bilaterally small, firm, and pale mottled kidneys with irregular sur-

faces. The cortical surfaces revealed coarse nodular irregularities with numerous segmental

fibrotic depressions surrounded by nodular hypertrophic cortical tissue. The renal capsules

were frequently adherent to the renal cortical surfaces. On the cut surfaces, the cortices were
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irregularly thinned with multifocal to coalescing pale radial scars causing depressions of the

cortical surfaces (Fig 5A and 5B).

Histological renal lesions

The fibrotic segments of the renal cortex were characterized by variable and often multifocal

infiltration of mononuclear inflammatory cells (lymphocytes and plasma cells) and tubular

atrophy and paucity of glomeruli combined with enlargement of the interstitial connective tis-

sue (Fig 5C). Tubular microcysts and glomerulocystic atrophy were observed within the

fibrotic segments (Fig 5D). Medullary fibrosis and variable multifocal lymphoplasmacytic infil-

tration were common findings. Both in the juxtamedullary cortex and in the medulla epithelial

hyperplasia of collecting ducts was frequently giving the impression of “atypical tubules” also

called “adenomatoid tubular change” (Fig 5E). Glomeruli in the surrounding hypertrophic

cortex often revealed varying segmental or global sclerosis. Fibrotic thickening around and

along the Bowman capsules was a frequent finding.

DNA extraction and genotyping

Blood samples were collected for 362 boxers from Australia, Denmark, Finland, Germany,

Norway, Sweden, UK and US (S1 and S12 Tables). DNA mini kit (QIAGEN, Germany) was

Fig 5. Pictures of boxer kidney with chronic kidney disease (CKD). (A) A non-decapsulated kidney from an

8-month-old female boxer dog with CKD revealing a coarse nodular irregular cortical surface; (B) sagittal section of

the kidney revealing an irregularly pale and thinned cortex; (C) LM revealing cortical interstitial fibrosis with tubular

atrophy and multifocal infiltration of mononuclear inflammatory cells, (D) glomerulocystic atrophy (HE x10) and (E)

hyperplasia of medullary collecting duct epithelium consistent with so-called “atypical tubuli” or “adenomatoid

change” (HE x20).

https://doi.org/10.1371/journal.pgen.1010599.g005
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used for DNA extraction from the blood sample with standard protocol. DNA was quantified

by Nanodrop 2000 and stored at -20˚C. The genotyping was performed at the SNP & SEQ

Technology Platform in Uppsala or GeneSeek (Neogen, US) using Illumina CanineHD

BeadChip.

Quality control

Of the 362 genotyped samples, we excluded one duplicate sample, and dogs with missing phe-

notype record (one dog), failed to meet the diagnosis criteria (14 dogs), or age criteria (three

dogs). Six samples were identified and removed as outliers in inbreeding analysis with plink (v

1.90b4.9) [59], and 22 dogs were filtered out due to an overall call rate< 90%. The relatedness

was tested by the plink2 with KING [60] kingship cutoff of 0.15, and 61 dogs were removed at

this step. UU_Cfam_GSD_1.0 (CanFam4; NCBI assembly: GCA_011100685.1) was used refer-

ence assembly in this study [61]. Markers with genotyping rate< 95% (55,597 markers) and

minor allele frequency < 1% (47,668 markers) were excluded. A final dataset consisting of 254

boxers with 101,664 autosomal markers were used for the analysis.

Population structure

We performed principal components analysis (PCA) with autosomal markers to evaluate pop-

ulation structure with plink (v 1.90b4.9) [59]. The first two components explained 15.5% and

6.5% genetic variation respectively. The PCA plot illustrated that boxers with different country

of origin were mixed in one cluster (S4 Fig). Notably, the majority of boxers from the US (25

of 27) were slightly distanced from the others. However, since the controls and cases were

evenly distributed across the population with no obvious stratification, all boxers were consid-

ered as one single group. We conducted a variance component analysis using WOMBAT (v

17/04/2014) [60], which showed a genomic relationship matrix (GRM)-based heritability of

CKD was 0.61 ± 0.09 in this population.

Bayesian association analysis

We used the BayesR (v 01/04/2021) algorithm [26] to perform a genome-wide association

analysis of CKD in the boxer population. BayesR assumes that the SNP effects are a priori

derived from a mixture of four normal distributions: N(0, 0), N(0, 0.0001 s2
g), N(0, 0.001 s2

g) or

N(0, 0.01 s2
g). SNP effects from the four distributions were estimated using the Markov Chain

Monte Carlo (MCMC) sampling. BayesR was run with the first principal component as the

covariate for a total of 300,000 iterations with a burn-in step of 100,000. The model conver-

gence was assessed from ten BayesR repeats runs, and top 50 markers with the highest absolute

effect size were considered as the candidates, according to a previous study [62]. The frequency

of these top 50 markers were investigated in other 75 breeds (sample size > = 10) from a previ-

ous study [27]. LD block analysis of candidate BayesR markers was performed and visualized

with Haploview (v 4.2) [63].

Genome sequencing and variant calling

To discover common variants from the candidate regions, we generated WGS data for 20 Nor-

wegian boxers (12 cases and eight controls, S4 Table). Illumina short reads libraries prepara-

tion and sequencing were performed by the Norwegian Sequencing Centre at University of

Oslo in Norway. The paired-end reads were mapped to dog UU_Cfam_GSD_1.0 reference

[61] using BWA-mem2 (v 2.1) [64]. The alignment was sorted and indexed by SAMtools (v
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1.14) [65]. Duplicate reads were detected and marked by the MarkDuplicates module of Picard

Toolkit (v 2.27.5; Broad Institute).

The SNPs and INDELs were called using the HaplotypeCaller from GATK (v 4.2.0.0) [66].

Afterward, a joint genotyping analysis was performed using CombineGVCFs and Genoty-

peGVCFs, to merge variants for samples in one cohort. Only biallelic SNPs and indels were

selected and filtered using SelectVariants, with “hard-filtering” parameters “QD< 2.0 || FS>

60.0 || MQ< 40.0 || MQRankSum< −12.5 || ReadPosRankSum< −8.0” and “QD< 2.0 ||

FS> 200.0 || ReadPosRankSum< −20.0”, respectively.

Genotype imputation and validation

The WGS genotypes from 20 boxers were phased using SHAPEIT2 (v 2.r904) [67], to generate

a reference pool of haplotypes. SNP chip data were pre-phased with SHAPEIT2. Genotype

imputation was performed using IMPUTE2 (v 2.3.2) [68] by comparing the chip data haplo-

type with the reference pool. Imputed genotypes with probability > 0.9 were kept, otherwise

they were set as missing. Specifically, a ~500 Kb region on chr18 was masked during the impu-

tation, which is known as a genomic duplication caused by the orthologous segments on chr9

[61]. The imputed variants were filtered by requiring a minor allele frequency> 0.01, and call

rate> 0.95.

Internal cross-validation from IMPUTE2 indicated an imputation concordance of 97.7%.

Meanwhile, we designed the primers and validated two imputed variants using sanger

sequencing: 11bp indel (chr18: 16811242; forward: TCCCAAGCCAAACTCTGTTC; reverse:

CCTGAAATGGCCTCTTTCTC) and one T/C SNP (chr18: 16914812; forward:

ATTTGTCCCTGGCATTCTTG; reverse: GGGTCTCATTAGGCCCTGTT), which showed

concordances of 100% (135/135) and 98.8% (168/170) respectively.

We further cross validated the imputation with seven boxers from previous studies [69–71].

The WGS data of seven samples were downloaded and mapped to the canfam4 with coverages

ranging from 17-28x (S13 Table). For these boxers, the genotypes were called and filtered

(GQ> 30) at 7,264,546 variants (5,601,532 SNPs and 1,663,014 Indels) that were identified in

the reference panel of 20 Norwegian boxers (HaplotypeCaller in GATK). The imputation was

performed based on a subset of genotypes at 104,839 markers from the illumina chip. After-

ward, we validated the imputed genotypes by comparing to the genotypes called from WGS

data, with–sample-diff function in plink2 (v alpha-2.3)[59], which revealed an average of

imputation rate (successfully imputed; genotype probability > 0.9 in IMPUTE2) of 95%, and

imputation accuracy of 96% (correctly imputed, S13 Table).

CKD candidate regions

Imputed variants with high LD (r2>0.9) to any of the top 50 BayesR markers were detected

with plink (-r2 -ld-window -r2 0.9 -ld-window-kb 1000 -ld-window 5000). LD blocks within

500 Kb were merged, and 21 candidate CKD regions were defined by variant position at the

ends of LD block. The pairwise interaction of 21 BayesR markers were screened using “–fast-

epistasis” function with BOOST method [72] implemented in plink, and no significant interac-

tion was found. BayesR markers with the highest effect size were selected from each of 21 CKD

regions. To assess the phenotypic variation explained by the identified CKD regions, we deter-

mined the association of phenotype and 21 BayesR markers with analysis of variance

(ANOVA) in R (v 4.0.1; aov function) with model “phenotype ~ SNP1+SNP2+. . .+SNP21”.

The means of risk alleles load between control and case groups were counted and compared

with t-test in R (ttest function). Additionally, we counted the risk allele load individually, then

calculated the average load for the 75 breeds described in the Bayesian association analysis.
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Gene annotation and gene ontology analysis

Protein-coding genes within the CKD regions and the closest gene on each side were identified

based on UU_Cfam_GSD_1.0 annotation from NCBI (GCF_011100685.1). Genes were

assigned to the human orthologues for the gene ontology (GO) analysis with Metascape [73].

Overlap of candidate variants with genomic features

To investigate if dog domestication contributes to CKD, we compared CKD regions with

selection signals from four studies [34,35,74,75]. Imputed variants in LD with BayesR markers

were evaluated by comparing different annotated genomic features: 1) variant effect was anno-

tated using SNPeff (v 4.3t)[76]; 2) location to topologically associating domains (TAD) in

CKD regions were extracted from a previous study in dog liver tissue[77]; 3) risk allele fre-

quency of imputed variants was extracted from Dog10K dataset (1,591 purebred dogs, 281 vil-

lage dogs and 57 wolves; https://kiddlabshare.med.umich.edu/dog10K/) [69]; 4) The phyloP

scores from 241 mammals were extracted from the Zoonomia project[78]. To obtain an

extended functional annotation, imputed SNPs were lifted to the human hg38 genome using

LiftOver (https://genome.ucsc.edu/cgi-bin/hgLiftOver); 5) the lifted SNPs were intersected

with the human regulatory elements from cCREs and HS databases from ENCODE[29,79],

and with the promoters and enhancers from GeneHancer [30].

Electrophoretic mobility shift assay (EMSA)

Putative regulatory SNPs were selected and tested with EMSA in Madin-Darby Canine Kidney

(MDCK) and human embryonic kidney (HEK293) cell lines. All cell lines were cultured in

DMEM (Gibco), supplemented with 10% heat inactivated foetal bovine serum (Gibco), 1%

penicillin, streptomycin and glutamine (Gibco) and maintained at 37˚C (5% CO2). For

EMSAs, nuclear extracts from each cell line were prepared according to the manufacturer’s

specification (NucBuster Protein Extraction Kit, Merck) and assayed using the appropriate

oligo set (S14 Table) and with the Lightshift Electrophoretic Mobility-Shift Assay kit (Thermo

Fisher Scientific). The following alterations were made to the manufacturer’s protocol: 12–

15 μg of appropriate nuclear extract was pre-incubated on ice for 40 minutes in binding buffer

(binding buffer supplemented with: 7.5% Glycerol, 0.063% NP-40, 30.1 mM KCl, 2 mM

MgCl2, 0.1 mM EDTA, 50 ng/ul Poly (dI�dC)). Biotin labelled ds-oligonucleotides were added

at 200 fmol and competed where appropriate with matched 20 pmol unlabelled ds-oligonucle-

otides. Reactions were incubated on ice for 40 minutes prior resolution on a 5% polyacryl-

amide gel (BioRad) run in 0.5 × TBE at 100 V for one and half hours. For four variants which

showed allele-specific binding in the EMSA, a technical replicate was performed to validate the

result.
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57. Yu Z, Jin J, Tin A, Köttgen A, Yu B, Chen J, et al. Polygenic Risk Scores for Kidney Function and Their

Associations with Circulating Proteome, and Incident Kidney Diseases. J Am Soc Nephrol JASN. 2021;

ASN.2020111599. https://doi.org/10.1681/ASN.2020111599 PMID: 34548389

58. Piras D, Lepori N, Cabiddu G, Pani A. How Genetics Can Improve Clinical Practice in Chronic Kidney

Disease: From Bench to Bedside. J Pers Med. 2022; 12: 193. https://doi.org/10.3390/jpm12020193

PMID: 35207681

59. Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-generation PLINK: rising to

the challenge of larger and richer datasets. GigaScience. 2015; 4: 7. https://doi.org/10.1186/s13742-

015-0047-8 PMID: 25722852

60. Manichaikul A, Mychaleckyj JC, Rich SS, Daly K, Sale M, Chen W-M. Robust relationship inference in

genome-wide association studies. Bioinforma Oxf Engl. 2010; 26: 2867–2873. https://doi.org/10.1093/

bioinformatics/btq559 PMID: 20926424

PLOS GENETICS Risk loci for canine chronic kidney disease

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010599 January 24, 2023 20 / 21

https://doi.org/10.1093/glycob/cwr179
https://doi.org/10.1093/glycob/cwr179
http://www.ncbi.nlm.nih.gov/pubmed/22171061
https://doi.org/10.1172/jci.insight.143654
http://www.ncbi.nlm.nih.gov/pubmed/33108347
https://doi.org/10.1016/j.redox.2020.101671
https://doi.org/10.1016/j.redox.2020.101671
http://www.ncbi.nlm.nih.gov/pubmed/32829253
https://doi.org/10.1093/jhered/esx069
http://www.ncbi.nlm.nih.gov/pubmed/28992310
https://doi.org/10.1038/nature04338
https://doi.org/10.1038/nature04338
http://www.ncbi.nlm.nih.gov/pubmed/16341006
https://doi.org/10.1242/dev.125.4.753
http://www.ncbi.nlm.nih.gov/pubmed/9435295
https://doi.org/10.1073/pnas.89.1.246
http://www.ncbi.nlm.nih.gov/pubmed/1309608
https://doi.org/10.1006/dbio.2000.0144
https://doi.org/10.1006/dbio.2000.0144
http://www.ncbi.nlm.nih.gov/pubmed/11180951
https://doi.org/10.1242/dev.172387
http://www.ncbi.nlm.nih.gov/pubmed/31160420
https://doi.org/10.1681/ASN.2019080797
https://doi.org/10.1681/ASN.2019080797
http://www.ncbi.nlm.nih.gov/pubmed/32127410
https://doi.org/10.3892/ijmm%5F00000263
https://doi.org/10.3892/ijmm%5F00000263
http://www.ncbi.nlm.nih.gov/pubmed/19724895
https://doi.org/10.1096/fj.202100172RR
http://www.ncbi.nlm.nih.gov/pubmed/34990050
https://doi.org/10.1371/journal.pone.0197973
http://www.ncbi.nlm.nih.gov/pubmed/29897930
https://doi.org/10.1111/jvim.12090
http://www.ncbi.nlm.nih.gov/pubmed/23647231
https://doi.org/10.1136/vr.105733
http://www.ncbi.nlm.nih.gov/pubmed/32611706
https://doi.org/10.1681/ASN.2020111599
http://www.ncbi.nlm.nih.gov/pubmed/34548389
https://doi.org/10.3390/jpm12020193
http://www.ncbi.nlm.nih.gov/pubmed/35207681
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1186/s13742-015-0047-8
http://www.ncbi.nlm.nih.gov/pubmed/25722852
https://doi.org/10.1093/bioinformatics/btq559
https://doi.org/10.1093/bioinformatics/btq559
http://www.ncbi.nlm.nih.gov/pubmed/20926424
https://doi.org/10.1371/journal.pgen.1010599


61. Wang C, Wallerman O, Arendt M-L, Sundström E, Karlsson Å, Nordin J, et al. A novel canine reference

genome resolves genomic architecture and uncovers transcript complexity. Commun Biol. 2021; 4:

185. https://doi.org/10.1038/s42003-021-01698-x PMID: 33568770

62. Baker LA, Momen M, McNally R, Berres ME, Binversie EE, Sample SJ, et al. Biologically Enhanced

Genome-Wide Association Study Provides Further Evidence for Candidate Loci and Discovers Novel

Loci That Influence Risk of Anterior Cruciate Ligament Rupture in a Dog Model. Front Genet. 2021; 12:

593515. https://doi.org/10.3389/fgene.2021.593515 PMID: 33763109

63. Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualization of LD and haplotype maps.

Bioinforma Oxf Engl. 2005; 21: 263–265. https://doi.org/10.1093/bioinformatics/bth457 PMID:

15297300

64. Md Vasimuddin, Misra S, Li H, Aluru S. Efficient Architecture-Aware Acceleration of BWA-MEM for Mul-

ticore Systems. 2019 IEEE International Parallel and Distributed Processing Symposium (IPDPS).

2019. pp. 314–324. https://doi.org/10.1109/IPDPS.2019.00041

65. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format

and SAMtools. Bioinforma Oxf Engl. 2009; 25: 2078–2079. https://doi.org/10.1093/bioinformatics/

btp352 PMID: 19505943

66. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al. A framework for variation dis-

covery and genotyping using next-generation DNA sequencing data. Nat Genet. 2011; 43: 491–498.

https://doi.org/10.1038/ng.806 PMID: 21478889

67. Delaneau O, Marchini J, 1000 Genomes Project Consortium, 1000 Genomes Project Consortium. Inte-

grating sequence and array data to create an improved 1000 Genomes Project haplotype reference

panel. Nat Commun. 2014; 5: 3934. https://doi.org/10.1038/ncomms4934 PMID: 25653097

68. Howie B, Fuchsberger C, Stephens M, Marchini J, Abecasis GR. Fast and accurate genotype imputa-

tion in genome-wide association studies through pre-phasing. Nat Genet. 2012; 44: 955–959. https://

doi.org/10.1038/ng.2354 PMID: 22820512

69. Ostrander EA, Wang G-D, Larson G, vonHoldt BM, Davis BW, Jagannathan V, et al. Dog10K: an inter-

national sequencing effort to advance studies of canine domestication, phenotypes and health. Natl Sci

Rev. 2019; 6: 810–824. https://doi.org/10.1093/nsr/nwz049 PMID: 31598383

70. Amin SB, Anderson KJ, Boudreau CE, Martinez-Ledesma E, Kocakavuk E, Johnson KC, et al. Compar-

ative Molecular Life History of Spontaneous Canine and Human Gliomas. Cancer Cell. 2020; 37: 243–

257.e7. https://doi.org/10.1016/j.ccell.2020.01.004 PMID: 32049048

71. Marchant TW, Johnson EJ, McTeir L, Johnson CI, Gow A, Liuti T, et al. Canine Brachycephaly Is Asso-

ciated with a Retrotransposon-Mediated Missplicing of SMOC2. Curr Biol CB. 2017; 27: 1573–1584.e6.

https://doi.org/10.1016/j.cub.2017.04.057 PMID: 28552356

72. Wan X, Yang C, Yang Q, Xue H, Fan X, Tang NLS, et al. BOOST: A Fast Approach to Detecting Gene-

Gene Interactions in Genome-wide Case-Control Studies. Am J Hum Genet. 2010; 87: 325–340.

https://doi.org/10.1016/j.ajhg.2010.07.021 PMID: 20817139

73. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al. Metascape provides a

biologist-oriented resource for the analysis of systems-level datasets. Nat Commun. 2019; 10: 1523.

https://doi.org/10.1038/s41467-019-09234-6 PMID: 30944313

74. vonHoldt BM, Pollinger JP, Lohmueller KE, Han E, Parker HG, Quignon P, et al. Genome-wide SNP

and haplotype analyses reveal a rich history underlying dog domestication. Nature. 2010; 464: 898–

902. https://doi.org/10.1038/nature08837 PMID: 20237475

75. Axelsson E, Ratnakumar A, Arendt M-L, Maqbool K, Webster MT, Perloski M, et al. The genomic signa-

ture of dog domestication reveals adaptation to a starch-rich diet. Nature. 2013; 495: 360–364. https://

doi.org/10.1038/nature11837 PMID: 23354050

76. Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, et al. A program for annotating and predict-

ing the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melano-

gaster strain w1118; iso-2; iso-3. Fly (Austin). 2012; 6: 80–92. https://doi.org/10.4161/fly.19695 PMID:

22728672

77. Vietri Rudan M, Barrington C, Henderson S, Ernst C, Odom DT, Tanay A, et al. Comparative Hi-C

Reveals that CTCF Underlies Evolution of Chromosomal Domain Architecture. Cell Rep. 2015; 10:

1297–1309. https://doi.org/10.1016/j.celrep.2015.02.004 PMID: 25732821

78. Consortium Zoonomia. A comparative genomics multitool for scientific discovery and conservation.

Nature. 2020; 587: 240–245. https://doi.org/10.1038/s41586-020-2876-6 PMID: 33177664

79. ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human genome.

Nature. 2012; 489: 57–74. https://doi.org/10.1038/nature11247 PMID: 22955616

PLOS GENETICS Risk loci for canine chronic kidney disease

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010599 January 24, 2023 21 / 21

https://doi.org/10.1038/s42003-021-01698-x
http://www.ncbi.nlm.nih.gov/pubmed/33568770
https://doi.org/10.3389/fgene.2021.593515
http://www.ncbi.nlm.nih.gov/pubmed/33763109
https://doi.org/10.1093/bioinformatics/bth457
http://www.ncbi.nlm.nih.gov/pubmed/15297300
https://doi.org/10.1109/IPDPS.2019.00041
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1038/ng.806
http://www.ncbi.nlm.nih.gov/pubmed/21478889
https://doi.org/10.1038/ncomms4934
http://www.ncbi.nlm.nih.gov/pubmed/25653097
https://doi.org/10.1038/ng.2354
https://doi.org/10.1038/ng.2354
http://www.ncbi.nlm.nih.gov/pubmed/22820512
https://doi.org/10.1093/nsr/nwz049
http://www.ncbi.nlm.nih.gov/pubmed/31598383
https://doi.org/10.1016/j.ccell.2020.01.004
http://www.ncbi.nlm.nih.gov/pubmed/32049048
https://doi.org/10.1016/j.cub.2017.04.057
http://www.ncbi.nlm.nih.gov/pubmed/28552356
https://doi.org/10.1016/j.ajhg.2010.07.021
http://www.ncbi.nlm.nih.gov/pubmed/20817139
https://doi.org/10.1038/s41467-019-09234-6
http://www.ncbi.nlm.nih.gov/pubmed/30944313
https://doi.org/10.1038/nature08837
http://www.ncbi.nlm.nih.gov/pubmed/20237475
https://doi.org/10.1038/nature11837
https://doi.org/10.1038/nature11837
http://www.ncbi.nlm.nih.gov/pubmed/23354050
https://doi.org/10.4161/fly.19695
http://www.ncbi.nlm.nih.gov/pubmed/22728672
https://doi.org/10.1016/j.celrep.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25732821
https://doi.org/10.1038/s41586-020-2876-6
http://www.ncbi.nlm.nih.gov/pubmed/33177664
https://doi.org/10.1038/nature11247
http://www.ncbi.nlm.nih.gov/pubmed/22955616
https://doi.org/10.1371/journal.pgen.1010599

