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Genome-wide association analysis of
canine T zone lymphoma identifies link to
hypothyroidism and a shared association
with mast-cell tumors
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Abstract

Background: T zone lymphoma (TZL), a histologic variant of peripheral T cell lymphoma, represents about 12% of
all canine lymphomas. Golden Retrievers appear predisposed, representing over 40% of TZL cases. Prior research
found that asymptomatic aged Golden Retrievers frequently have populations of T zone-like cells (phenotypically
identical to TZL) of undetermined significance (TZUS), potentially representing a pre-clinical state. These findings
suggest a genetic risk factor for this disease and caused us to investigate potential genes of interest using a
genome-wide association study of privately-owned U.S. Golden Retrievers.

Results: Dogs were categorized as TZL (n = 95), TZUS (n= 142), or control (n = 101) using flow cytometry and genotyped
using the Illumina CanineHD BeadChip. Using a mixed linear model adjusting for population stratification, we found
association with genome-wide significance in regions on chromosomes 8 and 14. The chromosome 14 peak included
four SNPs (Odds Ratio = 1.18–1.19, p = .3 × 10− 5–5.1 × 10− 5) near three hyaluronidase genes (SPAM1, HYAL4, and HYALP1).
Targeted resequencing of this region using a custom sequence capture array identified missense mutations in all three
genes; the variant in SPAM1 was predicted to be damaging. These mutations were also associated with risk for mast cell
tumors among Golden Retrievers in an unrelated study. The chromosome 8 peak contained 7 SNPs (Odds Ratio = 1.24–
1.42, p = 2.7 × 10− 7–7.5 × 10− 5) near genes involved in thyroid hormone regulation (DIO2 and TSHR). A prior study from
our laboratory found hypothyroidism is inversely associated with TZL risk. No coding mutations were found with targeted
resequencing but identified variants may play a regulatory role for all or some of the genes.

Conclusions: The pathogenesis of canine TZL may be related to hyaluronan breakdown and subsequent production of
pro-inflammatory and pro-oncogenic byproducts. The association on chromosome 8 may indicate thyroid hormone is
involved in TZL development, consistent with findings from a previous study evaluating epidemiologic risk factors for TZL.
Future work is needed to elucidate these mechanisms.

Keywords: Lymphoma, Leukemia, Genetics, Dog, Epidemiology

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: jdlabadie@gmail.com
1Public Health Sciences Division, Fred Hutchinson Cancer Research Center,
Seattle, WA, USA
2Department of Environmental and Radiological Health Sciences, College of
Veterinary Medicine and Biomedical Sciences, Colorado State University, Fort
Collins, CO, USA
Full list of author information is available at the end of the article

Labadie et al. BMC Genomics          (2020) 21:464 
https://doi.org/10.1186/s12864-020-06872-9

http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-020-06872-9&domain=pdf
http://orcid.org/0000-0002-9942-7797
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:jdlabadie@gmail.com


Background
T zone lymphoma (TZL), a histologic variant of periph-
eral T cell lymphoma (PTCL), accounts for about 12% of
all canine lymphomas [1, 2] but is almost never seen in
human patients. In dogs, this disease follows an indolent
course with average survival of > 2 years independent of
treatment, compared to < 1 year with most other lymph-
oma subtypes [3–5]. TZL can be readily diagnosed by
histopathology or by flow cytometric identification of a
homogeneous expansion of T cells lacking expression of
CD45, a pan-leukocyte surface marker [3, 6, 7]. Previ-
ously, we observed that > 30% of Golden Retrievers with-
out lymphocytosis or lymphadenopathy have T cells
phenotypically similar (lacking CD45 expression) to TZL
in their blood [8]; as we are unsure of the clinical rele-
vance of this finding, we have adopted the term T zone-
like cells of undetermined significance (TZUS) for these
dogs [9]. We hypothesize that TZUS may represent a
pre-clinical state that could undergo neoplastic trans-
formation and progress to overt TZL.
Few studies have investigated the pathogenesis of canine

TZL. We recently reported that both hypothyroidism and
omega-3 supplementation are associated with decreased
odds of TZL [9]. It has also been noted that over 40% of
TZL cases are Golden Retrievers [3]. This finding suggests
a genetic predisposition for TZL and caused us to pursue
a study to identify potential pathways of interest. To date,
no studies have agnostically evaluated germline risk for
PTCL in dogs or humans.
The objective of this study was to identify genetic risk

factors for canine TZL using a genome-wide association
study (GWAS) and subsequent targeted sequencing.
This aim of this study is to provide insight into the eti-
ology and underlying risk for developing this disease.

Results
The source population included 95 TZL cases (ages 7–14
years), 142 TZUS dogs > 9 years old (dogs with no clinical signs
of TZL, but > 1% of T cells were CD5+CD45−), and 101 control
dogs > 9 years old (dogs with no clinical signs of TZL and no
CD5+CD45− T cells). Sixteen dogs were removed due to low
genotyping rate (< 97.5%; 7 TZL, 5 TZUS, 4 controls) and 6
were removed due to suspected European origin (2 TZUS, 4
controls). After quality filtering a final dataset of 267 dogs (79
TZL, 108 TZUS, 80 controls), and 110,405 single nucleotide
polymorphism (SNPs) were used for association analyses.

TZUS and controls indistinguishable by GWAS
When the combined TZL and TZUS group was com-
pared to controls, no p-values were outside the 95% con-
fidence interval threshold on the quantile-quantile
(QQ)-plot (Additional file 1 A). In contrast, when TZL
were compared to the combined TZUS and control
group, a group of SNPs significantly deviated from the
expected distribution (Fig. 1). Supporting this, pairwise
GWAS of TZL versus controls and TZL versus TZUS
had suggestive associations for this group of SNPs, des-
pite none of the p-values falling outside the 95% confi-
dence interval (CI) on the QQ-plot (Additional file 1 B
and C). This implies TZUS and controls are similar, and
the enhanced power from combining them as a refer-
ence group allows those SNPs to reach genome-wide
significance. In contrast, the TZUS versus control com-
parison did not share any suggestive SNPs with the TZL
versus control comparison, as would be expected if TZL
and TZUS were similar. We thus chose to combine
TZUS and controls for our main analysis and will refer-
ence it as the “TZL versus all” comparison for the re-
mainder of the paper.

Fig. 1 GWA for TZL cases vs. combined reference (TZUS + controls). Left, QQ-plot demonstrating observed p-values deviate from the expected at
a significance level of p < 10− 4. Shaded area indicates 95% confidence interval. Right, Manhattan plot showing peaks that are significantly
associated with TZL at a genome-wide level of p < 10− 4
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Top peak is near thyroid stimulating hormone receptor
locus
The strongest GWAS peak contained seven SNPs on chromo-
some 8 from 52,650,576–53,818,371bp (Fig. 1; Table 1). The
associated allele for these SNPs was present in about 16% of
TZL (range 15–25%) compared to 6% of the reference group
(range 4–12%). The top SNP (BICF2P948919; Odds Ratio
[OR]=1.39, p=2.66×10−7) was located at 53,818,371bp and
was in strong linkage disequilibrium (LD) (R2 >0.7) with three
significantly associated SNPs in that region and moderate LD
(R2 0.25–0.6) with the other three significantly associated SNPs
(Fig. 2). Using the PLINK clumping analysis, we determined
that the four SNPs in strong LD (including the top SNP)
formed one haplotype block, and the remaining three SNPs
were not in strong enough LD with any other SNPs to form
blocks. The p-values for all seven associated SNPs on chromo-
some 8 were non-significant (range 0.17–0.99) in the condi-
tional analysis, suggesting they represent one signal (Table 1).
The haplotype block containing the top SNP is within the non-
coding region of Suppressor of Lin-12-Like Protein 1 (SEL1L)
gene (Fig. 2). Having at least one risk haplotype was substan-
tially more common among TZL (29%) versus TZUS or con-
trols (12 and 7.5%, respectively).

Targeted resequencing of the chromosome 8 region
identifies potential regulatory variants
Targeted resequencing was performed on 16 dogs se-
lected for variation in risk and non-risk haplotypes.

Sequence capture of the 3Mb region on chromosome 8
identified 814 single nucleotide variants (SNVs) and 229
insertions and deletions (indels) that passed our filters.
Median coverage across the region was 131x. Three syn-
onymous coding variants were found in the SEL1L gene
(cfa8:53,771,782, cfa8:52,779,502, cfa8:53,797,623). All
other identified variants were potential modifiers, includ-
ing 3′ UTR variants (three SNVs and one indel near
CEP128, two SNVs near GTF2A1), up- and downstream
gene variants, intron variants, and non-coding transcript
exon variants (Additional files 2 and 3). Evaluation of
the corresponding positions in the human genome de-
termined multiple variants were in potential regulatory
elements (of 685 that were converted [541 SNV, 144
indels]; based on H3K27AC marks and GeneHancer
scoring). Two sets of variants were in enhancers for
DIO2 (Type II Iodothyronine Deiodinase) and seven sets
of variants were in enhancers for combinations of
CEP128 (Centrosomal Protein 128), GTF2A1 (General
Transcription Factor IIA Subunit 1), STON2 (Stonin2),
and SEL1L (Additional file 4).

Shared association with mast cell tumor cases on
chromosome 14
The second top association peak is on chromosome 14
and contains four SNPs from 11,778,977–11,807,161 bp
(Table 1). All SNPs were in strong LD (R2 > 0.9) with the
top SNP (OR = 1.18, p = 8.39 × 10− 5). Three of the four

Table 1 SNPs significantly associated with TZL at the genome-wide level

SNP Chr BP Alleles Associated Allele
Frequency

R2

from
top
SNP

GWAS results Conditional GWAS with
Chr8 top SNP

Conditional GWAS with
Chr14 top SNP

TZL Ref OR P-value OR P-value OR P-value

BICF2S23237035 2 77,686,623 T/C 0.11 0.05 1.41 6.21E-05

BICF2P1011303 8 52,650,576 T/C 0.18 0.07 0.53 1.30 4.60E-05 1.03 0.663

BICF2P29000 8 52,763,337 C/A 0.25 0.12 0.28 1.24 7.46E-05 1.07 0.170

BICF2P378684 8 53,742,667 C/T 0.15 0.04 0.59 1.42 5.71E-06 1.04 0.560

BICF2P1080535 8 53,778,185 T/C 0.16 0.05 0.75 1.36 1.50E-05 0.99 0.935

BICF2P1048848 8 53,785,948 A/G 0.16 0.05 0.75 1.36 1.50E-05 0.99 0.935

BICF2P184533 8 53,796,442 G/A 0.16 0.06 0.79 1.37 7.36E-06 1.00 0.978

BICF2P948919 8 53,818,371 G/A 0.21 0.07 1.00 1.39 2.66E-07 1.00 1.000

TIGRP2P186605 14 11,778,977 G/A 0.66 0.43 0.93 1.18 5.13E-05 1.00 0.995

BICF2G630521678 14 11,791,385 A/G 0.67 0.43 0.99 1.18 3.00E-05 1.00 0.966

BICF2G630521681 14 11,794,735 C/T 0.67 0.43 1.00 1.19 2.28E-05 1.00 1.000

BICF2G630521696 14 11,807,161 G/A 0.67 0.43 0.99 1.18 3.67E-05 1.00 0.934

BICF2S23029378 17 4,217,272 G/A 0.88 0.73 1.19 9.47E-05

BICF2G630222435 17 8,102,574 T/G 0.83 0.64 1.18 8.66E-05

BICF2P916139 17 8,135,932 T/A 0.82 0.63 1.18 8.39E-05

BICF2G630221951 17 8,819,612 C/T 0.85 0.65 1.19 9.42E-05

BICF2P780894 29 10,587,617 G/A 0.63 0.46 1.18 7.45E-05

The top SNPs (smallest p-value) for the chromosome 8 and 14 peaks are bolded. Ref represents the combined TZUS and control reference group
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SNPs had previously been reported to be associated with
mast cell tumors (MCTs) among American Golden Re-
trievers [10]. Thus, we assessed our data in combination
with the American Golden Retriever data from the publicly
available MCT dataset.1 After independently conducting
the quality control protocol outlined in the methods section
for each dataset, files were merged so that the new “case”
population included TZL and MCT cases, whereas the ref-
erence population contained TZUS and controls from the
TZL dataset and controls from the MCT dataset. Multidi-
mensional scaling (MDS) was performed using PLINK to
assess for population stratification (Additional file 5). The
chromosome 14 peak for the combined dataset was wider
and more strongly associated, with the top SNP reaching
p = 1.5 × 10− 9 (Fig. 3; similar association shown in Add-
itional file 6A without the addition of controls from the
MCT dataset). A GWAS including the TZL dataset and
only MCT controls showed no increased association at the
chromosome 14 peak (Additional file 6B), confirming that
this is a shared association for the two different cancers and
not simply a result of increased power from the additional
controls. We evaluated haplotype blocks in the combined
dataset. The top SNP from the combined dataset was the

same as the top SNP in the TZL-only dataset
(BICF2G630521681; Table 2). These SNPs are part of a nine
SNP haplotype block that spans 11,695,969–11,807,161 bp
(Fig. 4). When we ran a conditional GWAS controlling for
the top SNP, none of the SNPs in the larger associated re-
gion remained significant (p > 0.3), suggesting they all repre-
sent one signal (Table 2, Additional file 7). The haplotype
block containing the top SNP spans three hyaluronidase en-
zymes, including Sperm Adhesion Molecule 1 (SPAM1;
formerly called HYAL1), Hyaluronoglucosaminidase 4
(HYAL4), and a hyaluronidase 4-like gene (ENSCAFG
00000024436/HYALP1). In our dataset, 85% of TZL cases
(67/79) had at least one risk haplotype (versus 71% of TZUS
[77/108] and 65% of controls [52/80]); 34% of TZL were
homozygous (27/79) for the risk haplotype (versus 7% of
TZUS [11/108] and 9% of controls [7/80]) (Fig. 4).

Targeted resequencing of chromosome 14 region
identifies coding mutations in hyaluronidase genes
Median coverage across the 8Mb region sequenced on
chromosome 14 was 140x; 1404 SNVs and 742 indels
were identified after quality control and filtering. Five
mutations causing amino acid changes within coding re-
gions of the three hyaluronidase genes (SPAM1, HYAL4,
and ENSCAFG00000024436) were identified (Fig. 4); all
mutations followed the associated haplotype identified
by GWAS. The mutation within the SPAM1 gene (cfa14:

a

b

c

Fig. 2 Close-up of the chromosome 8 peak. a R2 from top SNP (BICF2P948919) is depicted to show LD structure. b Close-up view of the genes
located in the region with R2 > 0.2. All associated SNPs are depicted in red; the haplotype block containing the top 4 SNPs is highlighted in
yellow. c Haplotype block containing the 4 associated SNPs (BICF2P1080535, BICF2P1048848, BICF2P184533, and BICF2P948919). The risk
haplotype was TAGG and non-risk was CGAA. Dogs were considered recombined if neither combination was present

1Genotyping data are available on the BROAD website: https://www.
broadinstitute.org/ftp/pub/vgb/dog/MCT_GWAS_PLOSGenetics_2
015/
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11,704,952, Lys482Arg) was predicted to be “possibly dam-
aging” (PolyPhen-2 score 0.91). The three mutations in the
HYAL4 gene (cfa14:11,736,613, Gly454Ser; cfa14:11,736,674,
Ser434Phe; cfa14:11,736,843, Leu378Ile) and one within
ENSCAFG00000024436 (cfa14:11,760,826, Met463Thr)
were predicted to be benign (PolyPhen-2 score < 0.15). Con-
version of these coordinates to CanFam2 determined the
non-synonymous mutations in SPAM1 and HYAL4 were
identical to those identified in the MCT study [10]. Add-
itional non-coding variants were identified near these genes,
including 5′ UTR variants (two SNVs, one indel in HYAL4),
3′ UTR variants (two SNVs, two indels in HYAL4 and three
SNVs in SPAM1), up- and downstream gene variants, and
intron variants (Additional files 2 and 3). One synonymous
coding SNP was identified in ENSCAFG00000024436
(cfa14:11,768,664) (Additional file 2).

Potential cumulative risk for chromosomes 8 and 14
Distribution of number of risk haplotypes by phenotype are
shown in Fig. 5. Only 8 dogs (7 of which were cases) had > 3
risk haplotypes, so counts were categorized as 0, 1, > 2 for ana-
lysis. Number of risk haplotypes was significantly associated
with TZL (p-value < 0.001), indicating a potential cumulative
risk. Larger sample sizes are necessary to evaluate statistical
interaction of the chromosome 8 and 14 haplotypes.

Additional significantly associated GWAS SNPs
Associated SNPs were also seen on chromosomes 2, 17, and
29, but our study did not have the power to accurately deter-
mine the regions of association. We conducted a restricted
maximum likelihood analysis [11], assuming TZL has a 2%
prevalence in the Golden Retriever breed, and found that the
combined set of 17 significant SNPs in our dataset (Table 1)

Fig. 3 GWA for combined TZL and MCT datasets. QQ-plot (left) and Manhattan plot (right)

Table 2 SNPs in the chromosome 14 haplotype block from the combined TZL + MCT GWAS

SNP Chr BP Alleles Associated Allele Freq R2

from
top
SNP

TZL + MCT GWAS Conditional for Chr14

TZL Ref OR P-value OR P-value

BICF2G630521558 14 11,695,969 C/T 0.78 0.59 0.62 1.19 1.09E-06 1.00 0.9482

BICF2G630521572 14 11,721,433 T/C 0.70 0.45 0.94 1.22 2.80E-08 0.99 0.7588

BICF2G630521606 14 11,733,161 T/C 0.78 0.58 0.61 1.19 6.84E-07 1.01 0.8209

BICF2G630521619 14 11,736,615 C/T 0.79 0.58 0.60 1.19 5.17E-07 1.01 0.7721

BICF2P867665 14 11,765,081 G/T 0.79 0.57 0.59 1.22 1.77E-08 1.03 0.3593

TIGRP2P186605 14 11,778,977 G/A 0.70 0.43 0.95 1.23 3.25E-09 1.00 0.9681

BICF2G630521678 14 11,791,385 A/G 0.70 0.44 0.99 1.23 2.21E-09 1.00 0.9637

BICF2G630521681 14 11,794,735 C/T 0.70 0.43 1.00 1.23 1.51E-09 1.00 1.0000

BICF2G630521696 14 11,807,161 G/A 0.71 0.44 0.98 1.23 1.79E-09 1.00 0.9863

Only SNPs that are part of the nine-SNP haplotype block are shown. All SNPs that formed the chromosome 14 peak in the combined TZL +MCT GWAS are shown
in Additional File 7. SNPs that were significant in the TZL only GWAS are bolded. The top SNP (BICF2G630521681) was the same for both analyses. Ref represents
the combined TZUS and control reference group

Labadie et al. BMC Genomics          (2020) 21:464 Page 5 of 11



explained approximately 15% (standard error 7%) of the
phenotypic variance, whereas all genotyped SNPs explained
approximately 49% (standard error 13%).

Discussion
In a GWAS to identify genetic risk factors for TZL in
Golden Retrievers, we identified associated regions on
chromosomes 8 and 14. Subsequent resequencing of a
subset of dogs identified non-synonymous mutations in
three hyaluronidase genes on chromosome 14 (SPAM1,

HYAL4, and HYALP1). Coding mutations were not found
in the chromosome 8 region but identified variants may
be located in regulatory elements for numerous genes, in-
cluding DIO2, CEP128, GTF2A1, STON2, and SEL1L.

Mutations in hyaluronidase genes are associated with risk
for TZL and MCT
GWAS analysis and subsequent resequencing identified
mutations in SPAM1 and HYAL4 identical to those seen
in Arendt et al.’s MCT study [10], highlighting a

a

b

c

d

e

f

Fig. 4 Close-up of the chromosome 14 peak depicting change in signal with MCT dataset added. a TZL dataset only. b Combined TZL and MCT
dataset; c Close-up of the region from 8-12Mbp containing SNPs with R2 > 0.2. d Close-up view of genes located in the region from 11 to 12 Mb.
The four SNPs significantly associated with TZL are depicted in red and the nine-SNP haplotype block they represent is shaded in yellow. e Close-
up of the region from 11.7–11.8 Mbp where coding mutations (shown in red) were found on resequencing. f Haplotype block containing nine
associated SNPs on cfa14 (BICF2G630521558, BICF2G630521572, BICF2G630521606, BICF2G630521619, BICF2P867665, TIGRP2P186605,
BICF2G630521678, BICF2G630521681, BICF2G630521696). The risk haplotype was CTTCGGACG and non-risk was TCCTTAGTA. Dogs were
considered recombined if neither combination was present and were considered unknown if the genotype for one or more SNPs was missing
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potential shared mechanism for TZL and MCT patho-
genesis. One potential mechanism is via hyaluronan turn-
over, which is caused by the interaction of hyaluronan and
CD44, a cell surface glycoprotein expressed on both T cells
and mast cells [12]. This turnover leads to increased low
molecular weight hyaluronan, the byproducts of which are
pro-inflammatory and pro-oncogenic, with implications in
cell proliferation, migration, and angiogenesis [13, 14]. In
contrast, high molecular weight hyaluronan and decreased
hyaluronidase activity have been associated with the in-
creased longevity and cancer resistance seen in naked mole
rats [13]. It would be informative to measure hyaluronan in
TZL and controls to determine whether the ratio of low to
high molecular weight hyaluronan is altered in TZL.
Most mammals have six hyaluronidase-like genes, clus-

tered on two chromosomes. In dogs, HYAL1, HYAL2 and
HYAL3 are clustered on cfa20, whereas SPAM1, HYAL4,
and ENSCAFG00000024436 are clustered on cfa14.
ENSCAFG00000024436 is homologous to HYALP1, which
is an expressed pseudogene in people [15]. HYALP1 is be-
lieved to be functional in other mammals [15], although its
functional status is unknown in dogs. SPAM1 is considered
a testis hyaluronidase and is important during egg
fertilization by sperm [16]. However, SPAM1 has been de-
tected in the epididymis, seminal vesicles, prostate, female
genital tract, breast, placenta, fetal tissue, and certain malig-
nancies [17–19], suggesting it is multifunctional and not
sperm-specific. Despite the potential shared pathogenesis of
TZL and MCT, we did not see an association between
MCT and TZL in our dataset. Of dogs where medical his-
tory was known, 3/76 TZL (4%), 8/142 TZUS (6%), and 4/
103 controls (4%) had a history of or concurrent MCT.
This suggests these the diseases develop independently

despite their shared mechanisms. More research is neces-
sary to understand the role of these hyaluronidases in dogs
and evaluate how the observed variants alter expression of
hyaluronidases and downstream signaling.

Thyroid hormone metabolism may influence TZL risk
In a parallel study, we determined dogs with
hypothyroidism were significantly less likely to develop
TZL than dogs without hypothyroidism [9]. As thyroid
hormone plays an important role in cell growth and me-
tabolism, we hypothesize that lack of this hormone may
decrease T cell proliferation and therefore help prevent
the development of TZL. A recent study reported an asso-
ciation between polymorphisms in CEP128 and auto-
immune thyroid disease in humans, although the
mechanism underlying this association is unclear [20].
While we did not identify coding mutations within
CEP128, it is possible that mutations we identified in regu-
latory elements could have similar downstream effects.
Additionally, while SnpEff did not predict our SNVs to be
modifiers of DIO2 or TSHR, it is possible that the regula-
tory elements of these genes are far up- or downstream as
seen in people. Canine genome annotations for this region
may not yet be able to predict these relationships.
While canine hypothyroidism is generally thought to

be caused by lymphocytic thyroiditis or idiopathic atro-
phy [21], it is plausible that changes in expression of
DIO2 or TSHR could influence its development. Thyroid
hormone regulation depends on an axis of multiple hor-
mones and organs. Thyroid stimulating hormone, re-
leased from the pituitary, binds TSHR on the thyroid
gland, causing release of thyroxine and, to a lesser extent,
triiodothyronine [22]. DIO2 is one of two hormones

Fig. 5 Distribution of haplotype scores. Dogs were scored from zero to four based on the number of risk haplotypes for chromosomes 8 and 14.
Recombined haplotypes were considered non-risk. Dogs were considered unknown if the genotype for one or more SNPs was missing
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responsible for converting thyroxine to triiodothyronine,
the more active form, in the peripheral organs [23]. It is
feasible that changes in the expression of either of these
genes could alter thyroid hormone production and func-
tion. SEL1L, another gene in this region, encodes a protein
that is part of a complex involved in endoplasmic
reticulum-associated degradation of misfolded proteins
[24]. Interestingly, levels of Deiodinase 2, the product of
DIO2, are tightly regulated, and synthesis can be inhibited
by endoplasmic reticulum stress via endoplasmic
reticulum-associated degradation [25]. Thus, alterations in
SEL1L and endoplasmic reticulum stress could also im-
pact thyroid hormone regulation. While a role of thyroid
hormone is plausible based on variants identified on cfa8
and our parallel finding of an inverse association of
hypothyroidism and TZL risk, we cannot rule out the pos-
sibility of a spurious finding due to chance overrepresenta-
tion of dogs with hypothyroidism among our control
population. Further studies are needed to validate this
finding in an independent population.

Golden Retriever predisposition to TZL
We believe TZUS represents a precursor state to TZL, so we
hypothesized TZUS dogs would share the same genetic vari-
ants as TZL cases. However, we were unable to differentiate
TZUS from controls in our GWAS analysis. The high preva-
lence of TZL among Golden Retrievers and corresponding
high prevalence of TZUS suggest the genetic basis for devel-
oping CD5+CD45− T cells may be fixed among this breed,
and different from the genes that control progression to neo-
plasia in these cells. If this is the case, we would be unable to
identify the genetic risk factor for developing CD5+CD45− T
cells in our study. Future studies may evaluate fixed regions
of the Golden Retriever genome to identify candidate genes.
Additionally, a GWAS of TZL among a less predisposed
breed may distinguish additional associated regions not iden-
tified in our study. It is worth noting that Golden Retrievers
of European descent appear less likely to develop TZL [26].
As such, delving into genomic differences between European
and American Golden Retrievers may provide insight into
regions that could underly TZL risk.

Conclusions
Canine genomics are informative for human genomics and
offer computational benefits due to the comparatively recent
development of dog breeds. Within a dog breed, there is re-
duced genetic variation [27, 28], allowing us to use smaller
sample sizes and fewer genetic markers when evaluating gen-
etic risk factors for canine diseases [28–30]. Little is known
about the functional implications of the mutations identified
on cfa8. Since variants in this region are in moderate to high
LD, it is difficult to prioritize which variants are important in
disease pathogenesis versus which are bystanders inherited
with the causative mutation. Additional studies are necessary

to elucidate these associations and better understand the effect
of these variants. The likely importance of hyaluronidases and
shared association with MCT is noteworthy and warrants fur-
ther investigation. Further research will increase our under-
standing of how these coding mutations alter hyaluronidase
function. Ultimately, future research will help elucidate TZL
pathogenesis and identify causative variants that may be bio-
markers or disease risk or potential therapeutic targets.

Methods
Study participants
All dogs were recruited from the privately-owned pet
population in the United States from October 2013
through May 2015. The study was conducted with ap-
proval from the Colorado State University Institutional
Animal Care and Use committee (Protocol 13-4473A).
Written informed consent was obtained from all dog
owners; dogs remained under the custody and care of
their owners for the duration of the study. Detailed re-
cruitment information for the larger study population has
been previously described [9]. Briefly, TZL cases were
identified through submissions to Colorado State Univer-
sity’s Clinical Immunology laboratory. Lymphoma-free
Golden Retrievers aged > 9 years were recruited from 1)
the submitting clinic of TZL cases and 2) email solicita-
tion to Golden Retriever owners in the Canine Lifetime
Health Project [9]. Peripheral blood samples were ob-
tained from all participants, and a subset of dogs with ad-
equate DNA quality and quantity (as described below)
were used for the GWAS study. Flow cytometric analysis
of peripheral blood samples was used to categorize dogs
as TZL, TZUS, or controls. Flow cytometry was carried
out as previously described [3] and samples were analyzed
with the antibody combinations listed in Additional file 8
using a 3-laser Coulter Gallios.2 We defined TZL cases
(n = 95) as a homogeneous expansion of CD5+CD45− T
cells and lymphocytosis (> 5000 lymphocytes/μL), lymph-
adenopathy (noted on veterinarian-completed submission
form), or both (Additional file 9A). We defined dogs as
TZUS (n = 142) if they were > 9 years of age and had no
history or clinical signs of a lymphoproliferative disease
(no lymphadenopathy or lymphocytosis), but had a small
population of CD5+CD45− T cells on flow cytometry (>
1% of total T cells; Additional file 9B). Control dogs (n =
101) were those > 9 years of age with no history or suspi-
cion of a lymphoproliferative disease, no population of
CD5+CD45− T cells identified by flow cytometry (< 1% of
total T cells; Additional file 9C), and no evidence of a
clonal T cell population in the peripheral blood as
assessed using the PCR for Antigen Receptor Rearrange-
ment (PARR) assay [31].

2Beckman Coulter Inc., Brea, CA
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Genome-wide association mapping
Genomic DNA was extracted from white blood cell pellets
of peripheral blood samples using the QIAamp DNA blood
Midi Kit.3 DNA quality and quantity were assessed using
NanoDrop4 and only samples with 1) a concentration of at
least 35 ng/μL, 2) over 1000 ng of DNA total, and 3) an
A260/280 ratio of 1.7–2.0 were submitted for genotyping.
Genotyping was performed at GeneSeek Inc.5 using the
Illumina 170 K CanineHD BeadChip SNP array [32].
PLINK software [33, 34] was used to perform data quality
control, removing individuals with call rates < 97.5% and
SNPs with call rates < 97.5% or minor allele frequency < 5%.
Only autosomal chromosomes were analyzed.
MDS was performed using PLINK to ensure there were no

distinct groupings based on phenotype (TZL/TZUS/control),
which would indicate population stratification and/or residual
confounding. While we saw no obvious deviations on these
plots, we were concerned for bias based on European versus
American descent due to apparent divergence in this breed
[10, 29]. To determine whether any of our dogs were likely of
European descent, we downloaded a publicly available dataset1

[10] including both European and American Golden Re-
trievers, conducted the same quality control protocol as de-
scribed above, and merged the two datasets. We then created
MDS plots to determine which dogs in our dataset clustered
with the known European dogs. Dogs with a value for the first
cluster < 2.5 standard deviations from the mean value for
known European dogs were removed (Additional file 10).
Genome-wide complex trait analysis (GCTA) software

[11] was used to estimate a genetic relationship matrix
(GRM) and remove highly related individuals (one dog was
removed for each pair of dogs with the same phenotype and
a GRM value of 0.25 [half-sibling level]). The disease-
genotype association was estimated using GCTA, adjusting
for the first principal component of the GRM in a mixed lin-
ear model to correct for cryptic relatedness [35]. QQ-plots
with 95% CIs calculated based on the beta distribution of ob-
served p-values were created to assess possible genomic in-
flation and to establish suggestive significance levels.
It is currently unclear whether TZUS dogs share some

or all of the genetic predisposition for TZL, or they simply
represent normal variation among controls. To determine
in which category they are most genetically informative,
we performed separate association studies comparing 1)
combined TZL and TZUS versus controls, 2) TZL versus
combined TZUS and controls, and 3) pairwise compari-
sons (TZL versus control, TZL versus TZUS, and TZUS
versus control). Quantile-quantile plots were used to de-
termine which analyses had enough power to be evalu-
ated. After peaks of interest were identified, we used

GCTA to conduct a conditional GWAS. By adjusting for
the genotype of the top SNP of each peak of interest, we
can evaluate whether the other significantly associated
SNPs in that peak are statistically independent from the
top SNP (i.e. whether there are one or multiple peaks).

Haplotype block definition and association analysis
Haplotype blocks for associated loci were defined based on
boundaries identified both by clumping analysis in PLINK and
R2-based LD analysis in Haploview [36]. For clumping ana-
lysis, the dataset was subsetted to a region including all SNPs
with R2 > 0.2 from the top SNP on that chromosome. Because
of the genomic structure of dogs, a maximum window size
was set to 5000 kb. For each block, their haplotype, frequen-
cies, chi-square test, and p-value were obtained using PLINK.
To assess cumulative risk, we additionally categorized dogs by
number of risk haplotypes (zero to four) present for the asso-
ciated regions. Logistic regression was used to evaluate the as-
sociation of number of risk haplotypes and TZL.

Targeted sequencing
Sixteen dogs (10 TZL, 3 TZUS, 3 controls), selected for opti-
mal haplotype representation (i.e. to represent risk–risk,
risk–non-risk, and non-risk–non-risk for each haplotype)
and distribution in MDS plot, were sequenced across the as-
sociated genomic regions (Additional file 11). A custom se-
quence capture array was designed (NimbleGen SeqCap EZ
Developer Kit6) to cover the top associated regions (16.1Mb
total; CanFam 3.1 cfa8:51,700,000-54,800,000, cfa14:8,000,
000-16,100,000, cfa29:7,600,000-12,500,000). Regions were
chosen to include all SNPs with R2 > 0.2 from the top SNP.
Standard indexed Illumina libraries were prepared with the
KAPA HyperPlus library preparation kit.7 Targeted pooled
(4 samples) libraries were captured by hybridization in solu-
tion using the custom probe pool. Estimated coverage of the
16.1Mb target region was 95%. Library constructions, pool-
ing and captures were performed following the SeqCap EZ
HyperCap Workflow User’s Guide (V 1.0)6. Per suggestion
from NimbleGen, developer’s reagent (06684335001) was
used in place of COT-1. Index-specific hybridization enhan-
cing oligonucleotides were used to improve the efficiency of
genomic region capture. Sequencing was carried out on an
Illumina NextSeq 500.
Sequencing data were pre-processed and aligned to

the CanFam3.1 reference genome8 using FastQC [37],
Samtools [38, 39], Picard Tools [40], Genome Analysis
Toolkit [41], and BWA-MEM [42], as specified by Gen-
ome Analysis Toolkit best practices. Data was visualized
using Integrative Genomics Viewer [43]. Genome

3QIAGEN Inc., Germantown, MD
4Thermo Scientific, Wilmington, DE
5GeneSeek Inc., Lincoln, NE

6Roche Diagnostics Corporation, Indianapolis, IN
7KapaBiosystems, Wilmington, MA
8CanFam3.1 reference genome is available at: https://www.ncbi.nlm.
nih.gov/assembly/GCF_000002285.3/
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Analysis Toolkit was used for base quality score recali-
bration (BaseRecalibrator), variant calling (Haplotype-
Caller), and variant prioritization (VariantFiltration).
Variants were additionally filtered based on adherence to
the risk or non-risk haplotype (at least 80% adherence)
and variants that passed this filter were annotated using
SnpEff [44]. Coding SNPs were evaluated for predicted ef-
fect using PolyPhen-2 [45]. Ensembl was used to convert
coordinates to the human genome to determine whether
non-coding SNPs were in potential regulatory elements.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12864-020-06872-9.

Additional file 1. GWA for all TZL combinations. QQ-plot (left) and Man-
hattan plot (right). A) TZL case + TZUS vs. control; B) TZL case vs. control;
C) TZL case vs. TZUS.

Additional file 2. Summary of snpEff annotations for single nucleotide
variants.

Additional file 3. Summary of snpEff annotations for indels.

Additional file 4. Summary of potential regulatory elements.

Additional file 5. Multidimensional scaling plot for combined TZL and
MCT datasets. Plot is colored by phenotype and dataset.

Additional file 6. GWA for combined TZL and MCT datasets. QQ-plot
(left) and Manhattan plot (right). A) GWAS of combined TZL and MCT
cases versus TZUS and TZL controls; B) GWAS of TZL cases versus com-
bined TZUS, TZL controls, and MCT controls.

Additional file 7. SNPs in the chromosome 14 peak from the combined
TZL + MCT GWAS.

Additional file 8. Antibody panels used for immunophenotyping.

Additional file 9. Flow cytometric analysis of peripheral blood samples.
(A) Sample considered diagnostic for TZL due to homogeneous
expansion of CD5+CD45− T cells (red cells). (B) Sample diagnosed as
TZUS due to smaller population of CD5+CD45− T cells and absence of
lymphocytosis or lymphadenopathy. (C) Sample considered a control; all
T cells are CD5 + CD45+ (green cells; normal).

Additional file 10. Multidimensional scaling plot showing clustering of
European dogs. Dogs marked in red met our threshold for potential
European origin based on clustering and were subsequently removed
from the analysis.

Additional file 11. Signalment, GWAS haplotype, and coverage for 16
resequenced dogs.
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