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ABSTRACT 

 Gene retrocopies are commonly found in mammalian genomes where they are typically 

presumed to be nonfunctional pseudogenes. However, active LINE-1 is capable of inserting new 

gene retrocopies, which can be functional via direct expression or through altering the 

expression patterns of nearby genes at the insertion site. Challenging their designation as 

pseudogenes, recent studies have implicated retrocopies in cancer and other disorders. 

Presented here is an in investigation into the recent, polymorphic retrocopies in canids. First, 

the effects of two canine FGF4 retrocopies were investigated. While two separate FGF4 

retrocopies are both associated with two distinct forms of disproportionate dwarfism, the FGF4 

retrocopy on CFA12 alone was shown to be associated with calcification of the intervertebral 

disc and increased susceptibility to intervertebral disc disease, a phenotype known as 

chondrodystrophy. While multiple additional FGF4 retrocopy insertions located elsewhere in 

the genome have been discovered in canids with unknown phenotypic associations, the 

complete landscape of retrocopies in the species was unclear. Thus, a method for the 

identification of recent, polymorphic retrocopies from whole genome sequencing data was 

developed and applied to canids. A large number of gene retrocopies insertions were identified, 

showing that gene retrotransposition events are a common occurrence in the canid genome 

and not unique to the FGF4 gene. Target-site duplications, which are a characteristic of LINE-1 

mediated retrotransposition, were identified at the insertion sites of the retrocopies, 

conforming they were a consequence of LINE-1 activity. In addition to the expressed and 

functional FGF4 retrocopies, many other canine retrocopies were also shown to be expressed 

and under selection, alluding towards possible functions. A polymorphic SNN retrocopy 
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associated with red coat color in Poodles was identified and characterized, where it was shown 

to alter the expression pattern of a nearby gene, GPR22. Lastly, after the identification of 

numerous polymorphic canine retrocopies, a similar analysis using the same methodology was 

performed in equine genomes for comparison. Equids have fewer gene retrocopy insertions on 

average then canids, indicating that LINE-1 is more active within canids. These findings highlight 

the contribution of LINE-1 mediated retrotransposition events to the genomic and phenotypic 

diversity of dogs.  
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CHAPTER 1: Introduction 

Transposable elements, often colloquially referred to as “jumping genes”, were 

famously first discovered by renowned geneticist Barbara McClintock based on her genetic 

analyses in maize [1]. However, the significance of transposable elements was not well 

understood at the time; for decades, transposable elements were considered “junk DNA” of no 

biological or evolutionary significance [2]. The initial draft sequence of the human genome 

revealed that approximately 45% of the assembly comprised transposable elements, with other 

mammalian genomes following similar patterns [3,4]. While it is now well understood that 

transposable elements have played an important role in the structure and function of genomes, 

the only autonomous transposable element that remains active in most mammals is the long 

interspersed nuclear element-1 (LINE-1) [5].  

LINE-1 is a retrotransposon that replicates through an RNA intermediate via the function 

of the two LINE-1 encoded proteins, ORF1p and ORF2p in a process called target prime reverse 

transcription [6]. One of the hallmarks of a LINE-1 mediated insertion is the duplication of short 

(7-20bp) strands of genomic DNA flanking the insertion site, called target site duplications (TSD) 

[7]. While the LINE-1 encoded proteins ORF1p and ORF2p preferentially produce copies of LINE-

1 mRNA in a cis fashion, LINE-1 proteins are also capable of producing copies of other cellular 

RNAs [8]. Specifically, active LINE-1 produces copies of the non-autonomous short interspersed 

nuclear element (SINE) as well as messenger RNA, resulting in processed pseudogenes (or gene 

retrocopies) [9]. This dissertation focuses on the identification and characterization of recently 

inserted and polymorphic gene retrocopies with functional capacity. 
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 Gene retrocopies, which come from processed mRNA, lack the promotor region and 

introns present at the parent gene, and also contain a polyadenylated tail at the 3’ end. Most 

retrocopies present in the human and other reference assemblies are the result of ancestral 

retrotransposition events, and therefore, often accumulate various missense and nonsense 

mutations leading to their designation as “processed pseudogenes” [10-12]. However, much like 

how transposable elements are no longer considered “junk DNA”, the term “pseudogene” itself 

has become somewhat of a misnomer, as many examples of functional so-called pseudogenes 

have been identified [13,14]. Likewise, numerous examples of expressed and fully functional 

gene retrocopies have been characterized [15,16]. Gene retrocopies can function through 

various means, such as direct expression and translation, alteration of expression patterns of 

nearby insertion site genes, or through the formation of novel chimeric transcripts [16,17]. Gene 

retrocopies have also been implicated in cancer and other neurodegenerative, mental, and 

cardiovascular disorders [16,18-20]. Although gene retrotranspositions were thought to be rare 

genomic events, with an estimated 21 gene retrotranspositions every million years in the 

human lineage [15], these estimates were based on the retrocopies present in the reference 

genome assembly. LINE-1 is still active and capable of inserting newer, polymorphic gene 

retrocopies, referred to as retrotransposed gene copy number variants (retroCNVs), which may 

be absent from genome assemblies [21]. 

RetroCNVs are large structural variants that are difficult to identify from short read 

sequencing data using typical variant calling algorithms [22]. While the retroCNV parent genes 

can be identified based on the presence of intron-less copies, identification of an insertion site 

is considered the gold standard for calling a retroCNV [19]. Insertion site detection can be 
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difficult because retroCNVs themselves are repetitive in nature and can insert into a repetitive 

region of the genome. Additionally, some highly transcribed parent genes, such as genes 

encoding ribosomal proteins, tend to produce many retrocopies [23-25]. Early analyses of human 

retroCNVs using low coverage modern human whole-genome sequencing (WGS) data from the 

1000 Genomes Project dataset identified around 200 retroCNVs [21,23,26]. When higher 

coverage datasets were analyzed, 1,542 retroCNVs were discovered in 17,795 human genomes, 

indicating that gene retrotranspositions are not as rare as previously thought [27]. A recent 

analysis of multiple long-read human genome assemblies also confirmed a higher rate of gene 

retrocopy acquisition in humans than previously described [28]. However, the number of active 

LINE-1 varies by species; for example, humans have around 150 full length, intact copies of 

LINE-1, while horses have 72, dogs have 264, and mice around 2,800 [29]. Species with more 

total retrotransposition-active LINE-1s, or alternatively a small number of highly active LINE-1s, 

may acquire more gene retrocopies. Recently, a large number of retroCNV were identified in 

natural populations of mice correlating to their large number of active LINE-1 [30]. These murine 

retroCNV were also shown to be under negative selection, suggestive of deleterious effects. 

However, there is little information about retroCNV outside of a small number of model 

organisms. The goal of this dissertation is a comprehensive analysis of retroCNVs in dogs. 

The domestic dog has gone through two recent population bottlenecks, providing a 

unique opportunity for genetic studies. First, domestication, which occurred somewhere 

between 11-16k years ago, was estimated to have resulted in a 16-fold reduction in population 

size [31]. A more recent bottleneck occurred during the formation of the modern dog breeds 

over the past few hundred years [32]. Most modern breeds derive from a small number of 
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founder individuals with strong artificial selection for desired phenotypic traits. The population 

bottlenecks have resulted in the accumulation of deleterious variants in dogs [32,33], evidenced 

by the higher frequencies of disease and anatomical abnormalities within modern dog breeds 

[34,35]. These unique characteristics allow for the efficient mapping of genetic traits in dogs [36]. 

Additionally, a high prevalence of SINE and LINE dimorphisms in the canine genome are 

indicative of highly active LINE-1, making dog an interesting model organism for the study of 

retrotransposable elements [37,38]. 

In 2009, a form of disproportionate dwarfism called chondrodysplasia was mapped to 

canine chromosome (CFA) 18 and narrowed to an expressed FGF4 retrocopy insertion [39]. A 

separate functional FGF4 retrocopy insertion on CFA12 was found to be associated with 

another form of disproportionate dwarfism in dogs called chondrodystrophy [40]. Unlike 

chondrodysplasia, however, chondrodystrophy is a well-defined phenotype in dogs. In addition 

to disproportionate dwarfism, the chondrodystrophic breeds experience premature 

degeneration of the nucleus pulposus at a young age as shown by histopathological 

examination of the intervertebral discs [41,42]. This premature degeneration predisposes 

chondrodystrophic dogs to Hansen type 1 intervertebral disc disease (IVDD), typified by the 

acute extrusion of degenerate and often calcified nucleus pulposus into the vertebral canal [41]. 

Type 1 IVDD can result in severe pain and a loss of neurological function, which often requires 

surgery to remove the herniated disc material and restore function [43]. 

Both FGF4 retroCNVs on CFA12 and CFA18 are common across many dog breeds, 

including several breeds with both copies, such as the Dachshund, which also has the highest 

prevalence of IVDD [44]. Misusage of the terms chondrodystrophy and chondrodysplasia, in 
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addition to the presence of two distinct FGF4 retrocopies, have led to confusion within the 

scientific literature on IVDD in dogs. Because of this, there is a need to clarify the roles that 

these two FGF4 retroCNVs play in susceptibility to IVDD. Chapter 2 [45] is an examination into 

the combined effects of the two distinct FGF4 retroCNVs on both intervertebral disc 

calcification and IVDD surgery. Our analysis of the two FGF4 retrocopies—referred to as 12-

FGF4RG and 18-FGF4RG to distinguish the copies on CFA12 and CFA18, respectively—found 

that 12-FGF4RG alone was the primary driver of disc calcification and age at time of IVDD 

surgery. However, multiple individuals received surgery for what appeared to be Hansen Type 1 

IVDD at a young age that did not have any copies of 12-FGF4RG, indicating that other genetic 

risk factors likely play a role. In particular, we hypothesized that additional undiscovered FGF4 

retroCNVs present in dogs may play a role in disease. To test this hypothesis, in Chapter 3 [46], 

we queried canine genomes for FGF4 retrocopy insertions using diverse molecular techniques 

and genomic data analysis. We identified multiple additional FGF4 retroCNV, including two 

copies on CFA13, and, as such, a new method for naming the retrocopies was adopted: FGF4L1, 

for the first copy discovered on CFA18, FGF4L2 for the copy on CFA12, and so on. While some 

naming conventions for retrocopies designate them as pseudogenes using the letter “P”, the 

letter “L” for “like” was instead used in order to avoid any functional inferences. While multiple 

additional FGF4 retroCNVs were identified, no clear phenotypic associations were found with 

IVDD or limb abnormalities. Despite this, our results highlight the need for a more 

comprehensive approach for the identification of polymorphic canine retrocopies.  

Chapter 4 [47] describes a novel approach for retroCNV discovery that we developed and 

applied to a large dataset of canine WGS data, resulting in the discovery of previously unknown 



 

6 
 

 

retrocopy insertions. Transcriptome analysis of a subset of the discovered retroCNVs indicated 

expression in testes tissue for ~12% present in a set of golden retrievers, including multiple 

chimeric transcripts. While the phenotypic effects of the retroCNV remains unclear, the 

distribution of many retroCNVs shows clear breed biases, indicating possible positive selection 

during breed formation, much like the FGF4 retroCNVs. Finally, I describe a new example of a 

functional SNN retroCNV in dogs associated with red coat color in Chapter 5 [48]. Appendix 1 

contains a similar investigation into the landscape of retroCNVs in equids that was initiated to 

compare the rate of retroCNV accumulation across species. Our work makes clear the high rate 

of retroCNV accumulation in dogs versus other similarly well characterized species (e.g., 

humans and mouse) attributable to increased LINE-1 activity in the germline. This is important, 

considering the likely understudied contributions of canine retroCNVs to phenotypic diversity 

and heritable disorders observed in the domestic dog.  
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ABSTRACT 

Two FGF4 retrogenes on chromosomes 12 (12-FGF4RG) and 18 (18-FGF4RG) contribute 

to short-limbed phenotypes in dogs. 12-FGF4RG has also been associated with intervertebral 

mailto:dlbannasch@ucdavis.edu


 

12 
 

 

disc disease (IVDD). Both of these retrogenes were found to be widespread among dog breeds 

with allele frequencies ranging from 0.02 to 1; however, their additive contribution to disease is 

unknown. Surgical cases of IVDD (n = 569) were evaluated for age of onset, disc calcification, 

and genotypes for the FGF4 retrogenes. Multivariable linear regression analysis identified the 

presence of one or two copies of 12-FGF4RG associated with significantly younger age at first 

surgery in a dominant manner. 18-FGF4RG had only a minor effect in dogs with one copy. 

Multivariable logistic regression showed that 12-FGF4RG had an additive effect on radiographic 

disc calcification, while 18-FGF4RG had no effect. Multivariable logistic regression using mixed 

breed cases and controls identified only 12-FGF4RG as highly associated with disc herniation in 

a dominant manner (Odds Ratio, OR, 18.42, 95% Confidence Interval (CI) 7.44 to 50.26; p < 

0.001). The relative risk for disc surgery associated with 12-FGF4RG varied from 5.5 to 15.1 

within segregating breeds and mixed breeds. The FGF4 retrogene on CFA12 acts in a dominant 

manner to decrease the age of onset and increase the overall risk of disc disease in dogs. Other 

modifiers of risk may be present within certain breeds, including the FGF4 retrogene on CFA18. 

INTRODUCTION 

The domestic dog exhibits a profound degree of phenotypic diversity in size. Two 

particular conditions affecting size, referred to as chondrodystrophy and chondrodysplasia, are 

characterized by shortened limbs and are common across many dog breeds 1,2. The causes for 

both chondrodystrophy and chondrodysplasia were identified as two separate fibroblast 

growth factor 4 (FGF4) retrogenes on chromosome 12 (12-FGF4RG) and chromosome 18 (18-

FGF4RG), respectively 1,2. The most severe form of disproportionate dwarfism is seen in breeds 

that carry both FGF4 retrogenes, such as Dachshunds, Basset Hounds, and Corgis 1,3. FGF 



 

13 
 

 

signaling is involved in early embryonal development 4,5, and appropriate levels of FGF4 are 

necessary for normal limb formation 6. Higher levels of FGF4 transcripts were seen in dogs with 

either of the 12-FGF4RG or 18-FGF4RG insertions, leading to the conclusions that the FGF4 

retrogenes are expressed and that the short-limb phenotype is associated with overexpression 

during development 1,2. Similarly in humans, achondroplasia, the most common form of 

dwarfism, is caused by the gain of function variants in the fibroblast growth factor receptor 3 

that results in increased signaling 7,8. 

In addition to shortened limbs, chondrodystrophic breeds are also characterized by 

chondroid metaplasia of the nucleus pulposus leading to premature degeneration and 

calcification of the intervertebral discs 9,10,11. This degeneration predisposes chondrodystrophic 

dogs to intervertebral disc disease (IVDD), a debilitating disorder associated with protrusion or 

extrusion of intervertebral disc components into the vertebral canal, resulting in pain and/or 

neurological dysfunction 12. Disc calcification may be visualized radiographically, and 

chondrodystrophic dogs with increased numbers of radiographically visible calcified discs have 

been shown to be at higher risk for clinical IVDD 13,14,15. Calcification of the nucleus pulposus has 

also been described in older, non-chondrodystrophic dogs in the late stages of degeneration; 

however, this process generally occurs at an earlier age in the chondrodystrophic dog breeds 

10,16,17. 

While all breeds can be affected by IVDD, chondrodystrophic breeds are at particularly 

high risk 9,10,12. Hansen classified the IVDD that occurs in the chondrodystrophic dog breeds as 

Type I, typified by acute extrusion of degenerate, often calcified nucleus pulposus through 

degenerate annulus fibrosis into the vertebral canal 10,18. Hansen Type II IVDD generally occurs 
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at a later age in larger breed (non-chondrodystrophic) dogs and more commonly involves 

chronic protrusion of degenerative disc material. Historically, type II IVDD has been reported to 

involve fibrous rather than chondroid disc degeneration. However, despite some specific 

differences in macro and microscopic pathology and in disease progression, Hansen’s original 

work and more recent studies have shown that chondroid metaplasia is a common underlying 

pathological process in both chondrodystrophic and non-chondrodystrophic breeds 9,19. 

Current consensus supports the use of decompressive surgery to remove the disc 

material impinging on the spinal cord in dogs severely affected by IVDD 12,17, although the cost 

of surgery can be prohibitive for many owners. Dogs susceptible to IVDD may also suffer 

multiple disc herniations at different locations throughout their lifetimes 20. While 

chondrodystrophic dog breeds with 12-FGF4RG alone, such as the French Bulldog and Beagle, 

are at high risk for IVDD, the chondrodysplastic breeds with 18-FGF4RG alone, such as the 

Scottish Terrier and the West Highland White Terrier, are not considered at high risk 1,10. 

However, in dogs with both FGF4 retrogenes, the contribution of 18-FGF4RG to disc 

degeneration and thus IVDD is unknown. It is also unclear whether or not the FGF4 retrogenes 

act in a completely dominant manner or whether any additive effect exists. Since many breeds 

are homozygous for the FGF4 retrogenes, the determination of the relative risk for 

intervertebral disc herniation is challenging. Segregating breeds and mixed breed dogs provide 

an opportunity to evaluate the risk of herniation in the presence of the retrogenes. 

A broad analysis of allele frequency across dog breeds was performed for both FGF4 

retrogenes, identifying breeds that segregate or are fixed for one or both retrogenes. A referral 

hospital DNA database was utilized to obtain information from dogs that had received 
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decompressive surgery for IVDD, and prospective samples were collected for two years from 

surgical cases to obtain a large, across breed sample of 569 dogs that had IVDD defined by 

surgery. These samples were genotyped for both 12-FGF4RG and 18-FGF4RG. Breed, weight, 

sex, age at time of first surgery, and the presence of calcified discs at the time of surgery were 

used to determine the contribution of 12-FGF4RG and 18-FGF4RG to disease phenotype using 

linear and logistic regression. A separate logistic regression was performed in mixed breed dogs 

to determine characteristics contributing to IVDD surgery itself, and a relative risk for 12-

FGF4RG was calculated in segregating breeds. 

MATERIALS AND METHODS 

Samples 

Unused blood samples were collected from the University of California (UC) Davis 

Veterinary Medical Teaching Hospital (VMTH) hematology laboratory from 5 November 1999 to 

1 February 2016 irrespective of IVDD diagnosis in a random fashion and entered in a repository. 

After 1 February 2016, the Bannasch laboratory began actively soliciting blood samples from 

IVDD cases seen at the VMTH. For the purpose of this study, samples that were collected prior 

to 1 February 2016 were marked as retrospective, while samples collected after 1 February 

2016 were marked as prospective. Medical records for all samples in the DNA repository were 

queried from the VMTH database for evidence of decompressive surgery, and all surgical cases 

were included in the study. Samples collected from the VMTH were obtained under UC Davis 

IACUC protocols 12693, 15356, 18561, and 20356. 
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Medical information retrieved for each case included breed, sex, date of birth, weight, 

date of procedure, surgical procedure performed, anatomical location of surgery, a summary of 

findings from any medical imaging performed (Myelography, Computed Tomography, CT, 

Magnetic resonance Imaging, MRI, or Radiography), and a description of disc material from the 

surgery report. All non-disc related cases were excluded based on findings indicated in the 

surgery reports. All breed information was owner reported when presenting at the VMTH. All 

Miniature and Toy Poodles were treated as one breed, and all Dachshund varieties were 

treated as one breed; however, based on weight, all but two Dachshunds were miniature in 

size. The total numbers of dogs from the affected breeds were counted from the DNA 

repository in order to determine the relative breed representation of the surgical cases in the 

repository. 

Breed-specific allele frequencies for the FGF4 retrogenes were determined using 2333 

samples from the UC Davis DNA repository irrespective of IVDD diagnosis. Additional samples 

for breed-specific allele frequencies were acquired from the Vetsuisse Biobank, University of 

Bern DNA repository without health information. Additional samples for the Dachshund breed 

in the United Kingdom (UK) were genotyped from a collection from the Animal Health Trust. 

Phenotyping and Genotyping 

Cases were classified into one of three categories based on information obtained from 

medical imaging and surgery reports. If the disc material removed at the time of surgery was 

described as calcified, mineralized, chondroid, or in other such similar terms, the case was 

classified as ’Group A’. The case was also classified as Group A if there was evidence of 
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intervertebral disc calcification on the radiograph or CT report. If the disc material was 

described as annular or fibrous and there was no evidence of intervertebral disc calcification in 

any imaging, or if the disc material was described as hydrated or liquid, the case was classified 

as ’Group B’. Finally, if there was insufficient information to make any determination as to the 

nature of the IVDD due to a missing or nondescript surgery report and/or no vertebral column 

radiographs or CT imaging available, the case was classified as ’unknown’. Cases were also 

separately categorized based on the presence of calcified discs visible on radiograph 

irrespective of surgery report. DNA was extracted from whole blood samples using a Gentra 

Puregene DNA extraction kit (Qiagen, Valencia, CA, USA). Genotyping for 12-FGF4RG and 18-

FGF4RG was performed using a PCR based assay as previously described 1 or through 

commercially available genotyping at the UC Davis Veterinary Genetics Laboratory. 

Statistical Analysis 

Descriptive statistics including interquartile ranges, median and 95% Confidence 

intervals for weight and age at surgery were obtained using GraphPad Prism 7.03 for Windows 

(GraphPad Software, La Jolla, CA, www.graphpad.com). The Mann-Whitney U test was used to 

compare weights across genotype statuses and between Groups A and B. A Chi-Squared test 

was used to test for significant differences in allele frequencies between Groups A and B. These 

analyses were also performed using GraphPad Prism 7.03 for Windows. 

Multivariable linear regression analysis was used to identify characteristics associated 

with age at time of surgery. In order to evaluate breed contribution, the three most frequent 

breed representatives were used and compared to et al. (Table 1). Age was the dependent 
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variable, and sex, reproductive status (spayed or neutered vs intact), body weight, breed 

(French bulldog, Dachshund, mixed breed, other pure breed), 12-FGF4RG status (zero copies, 

one copy, two copies) and 18-FGF4RG status (zero copies, one copy, two copies) were 

independent variables. Reference categories for categorical variables were mixed breed for 

breed and zero copies for retrogene variables. Weight was centered at population mean body 

weight (13.0 kg). Difference column indicates the estimated difference in age at surgery for 

each additional 5 kg of body weight. Univariable analyses were performed first and all 

independent variables with Wald p < 0.2 were tested for inclusion in the multivariable model. A 

backward elimination approach to model building was used, with variables retained in the final 

model if p < 0.05, or if they were identified as confounding variables (defined as >15% 

difference in coefficients). Interactions between the main effects were tested. Results were 

reported as differences in mean ages at surgery and surrounding 95% confidence intervals (CI). 

Multivariable logistic regression was used to identify characteristics associated with the 

presence of disc calcification as determined by the medical record. Breeds were defined as 

previously. The presence of at least one calcified disc was the dependent variable and sex, age 

at surgery, body weight, reproductive status, breed (French bulldog, Dachshund, mixed breed, 

other pure breed), 12-FGF4RG status (zero copies, one copy, two copies), and 18-FGF4RG status 

(zero copies, one copy, two copies) were independent variables. Reference categories for 

categorical variables were mixed breed for breed and zero copies for retrogene variables. 

Weight was centered at population mean body weight (13.0 kg), and the OR represents each 

additional 5 kg of body weight. Univariable analyses were performed first and all independent 

variables with Wald p < 0.2 were tested for inclusion in the multivariable model. Both retrogene 
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variables were forced into the model and other variables were retained using a backward 

elimination, with variables retained in the final model if p < 0.05, or if they were identified as 

confounding variables (defined as >15% difference in coefficients). Interactions between the 

main effects were tested. Results were reported as odds ratios (OR) and surrounding 95% CIs. 

Regression analyses were performed using Stata statistical software (StataCorp. 2015. Stata 

Statistical Software: Release 14. College Station, TX, USA. 

A separate logistic regression among mixed breed dogs to determine characteristics 

associated with surgery for IVDD was also performed. All mixed breed dogs that had been 

collected retrospectively were 10 years or older at the time of their last visit and were free of 

any IVDD diagnosis were used as controls, while retrospectively collected mixed breed dogs 

that had received decompressive surgery for IVDD were used as cases. 

Breed-specific relative risks associated with 12-FGF4RG were calculated for breeds that 

segregated the retrogene (allele frequency <0.5 and >0.05) and had a large enough sample size 

(number of surgeries >4). Only cases and controls that were sampled retrospectively with 

respect to IVDD (prior to 1 February 2016) were included. Dogs that were at least 10-years-old 

with no diagnosis of IVDD as of their last hospital visit were used as controls. 12-FGF4RG was 

treated as a dominant allele for relative risk calculations, where cases and controls with one or 

two copies of 12-FGF4RG were treated equally. Relative risk calculations were conducted in 

GraphPad Prism. 

RESULTS 

Allele Frequency 
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To identify breeds that segregate the FGF4 retrogenes and determine allele frequencies, 

3223 additional dogs from 75 different breeds were genotyped (Supplementary Table S1). 12-

FGF4RG was identified in at least one dog from 40 different breeds, while 18-FGF4RG was 

found in 32 different breeds. At least one dog from 23 of the 75 breeds tested had both 12-

FGF4RG and 18-FGF4RG. 

Description and Genotype of Disc Decompressive Surgical Cases 

In order to dissect FGF4 retrogene contribution to disc herniation, both retrospective and 

prospective cases requiring disc decompressive surgery were evaluated. Six hundred and 

twelve unique cases were identified that had undergone spinal cord decompressive surgery and 

had DNA available for genotyping. Forty-three cases were identified as non-disc related (16 

neoplasia, nine infectious or inflammatory, eight vertebral anomalies, four trauma, and six 

miscellaneous) and were excluded from further analysis. The final dataset contained 569 

surgical cases, 272 of which were collected retrospectively (prior to 11 February 2016), and 297 

that were collected prospectively (after 11 February 2016). Of the 569 cases, 56 (9.82%) had 

received two or more decompressive surgeries at the VMTH. The dataset included dogs from 61 

different breeds, as well as 127 mixed breed dogs (Table 1). There were 257 (45.3%) neutered 

males, 227 (40.0%) spayed females, 68 (12.0%) intact males, and 16 (2.8%) intact females. The 

median age at time of surgery for all cases was 6.4 years (interquartile range, IQR, 4.6–8.8). The 

median body weight was 8.6 kg (IQR 6.1–14.0). Breed IVDD surgery prevalence among cases 

collected retrospectively is also presented in Table 1. 
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All cases were genotyped for 12-FGF4RG and 18-FGF4RG: 75.2% of the cases had either 

one or two copies of 12-FGF4RG (allele frequency 0.636), and 57.3% had either one or two 

copies of 18-FGF4RG (allele frequency 0.509). Segregation of 12-FGF4RG was found in most 

breeds where it was identified, although several had an extremely high allele frequency, 

specifically the Dachshund, Beagle, French Bulldog, Pembroke Welsh Corgi, Basset Hound, and 

Spaniel breeds (Table 1). Several breeds were identified without 12-FGF4RG, including 

Miniature Pinschers, Doberman Pinschers, Rottweilers, and Pomeranians.



 

 

 

Breed 

Retrospectiv
e Surgery 

Cases 

Percent of 
Total 

Surgeries 
Total in 

Repository 

Surgery 
Prevalence 

in 
Repository 

Prospectiv
e Surgery 

cases 

12-
FGF4RG 

Frequency 

18-
FGF4RG 

Frequency 

Median Age 
at Surgery 

(years) 

Dachshund 86 31.62% 221 38.91% 62 0.99 0.99 6.5 

Bulldog, French 20 7.35% 81 24.69% 40 0.94 0.01 3.7 

Miniature Pinscher 6 2.21% 29 20.69% 0 0.00 0.00 10.3 

Pekingese 3 1.10% 17 17.65% 1 0.50 0.88 6.1 

Basset Hound 5 1.84% 36 13.89% 1 0.83 1.00 5.5 

Beagle 9 3.31% 65 13.85% 8 1.00 0.00 7.9 

Welsh Corgi, 
Pembroke 

6 2.21% 54 11.11% 6 0.92 1.00 7.0 

Maltese 5 1.84% 65 7.69% 4 0.39 1.00 6.3 

Shih Tzu 7 2.57% 92 7.61% 11 0.56 0.92 6.9 

Bichon Frise 4 1.47% 59 6.78% 4 0.50 0.75 8.2 

Chihuahua 9 3.31% 136 6.62% 16 0.48 0.70 6.0 

Pit Bull Terrier 6 2.21% 119 5.04% 5 0.14 0.00 8.0 

Cocker Spaniel, 
American 

3 1.10% 61 4.92% 1 1.00 0.00 7.0 

Doberman Pinscher 3 1.10% 70 4.29% 6 0.00 0.00 7.8 

Rottweiler 4 1.47% 107 3.74% 1 0.00 0.00 5.7 

Mixed Breed 46 16.91% 1316 3.50% 81 0.56 0.44 5.5 

German Shepherd 5 1.84% 214 2.34% 5 0.05 0.00 6.9 

Other 33 12.13% 1430 2.31% 40 0.25 0.23 7.7 

Labrador Retriever 12 4.41% 568 2.11% 5 0.03 0.00 8.5 

Total 272  4740  297 0.636 0.509 6.4 

 

Table 1 Descriptive statistics for dogs surgically treated for intervertebral disc disease (IVDD). Any breed with fewer than three retrospective 

surgery cases was included in ’Other’. Dogs from 61 different breeds and 127 mixed breed dogs were defined. The total number of dogs from 

each breed in the DNA repository is included, and the list is sorted by the breed prevalence of surgical cases. 

2
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The FGF4 retrogenes have been implicated in leg length and height in dogs. Although 

height data were not collected for these animals, weight is routinely collected on all 

hospitalized cases and can be used to estimate overall size of the dog. Figure 1 shows the 

weight and genotype status of cases within each breed. Based on weight, there were 146 

miniature Dachshunds and two standard Dachshunds included. A wide distribution of weight 

and genotype status was observed in the mixed breed dogs (Figure 1). Overall, dogs with one 

copy of 12-FGF4RG (median 8.6 kg, IQR 6.0–12.0) or two copies of 12-FGF4RG (median 7.8 kg, 

IQR 5.9–11.0) weighed significantly less than dogs with zero copies of 12-FGF4RG (median 25.4 

kg, IQR 7.4–37.0; p < 0.001). There was no significant difference in weight between dogs with 

one or two copies of 12-FGF4RG (p = 0.143). Dogs with one copy of 18-FGF4RG (median 6.9 kg, 

IQR 5.5–8.8) or two copies of 18-FGF4RG (median 6.6 kg, IQR 5.4–8.6) weighed significantly less 

than dogs with zero copies of 18-FGF4RG (median 14.3 kg, IQR 10–30.0; p < 0.001). There was 

no significant difference in weight between dogs with one or two copies of 18-FGF4RG (p = 

0.234). 

This analysis was performed within the mixed breed dog population since purebreds 

have strong selection for specific sizes. Mixed breed dogs with one copy of 12-FGF4RG (median 

9.1 kg, IQR 6.6–14.3) or two copies of 12-FGF4RG (median 7.1 kg, IQR 5.5–8.8) weighed 

significantly less than dogs with zero copies of 12-FGF4RG (median 22.6 kg, IQR 6.6–32.8; p < 

0.001, p = 0.005). Mixed breed dogs with two copies of 12-FGF4RG also weighed significantly 

less than mixed breed dogs with only one copy (p = 0.001). Mixed breed dogs with one copy of 

18-FGF4RG (median 7.6 kg, IQR 6.1–10) or two copies of 18-FGF4RG (median 7 kg, IQR 5.5–9.4) 

weighed significantly less than dogs with zero copies of 18-FGF4RG (median 16 kg, IQR 9–30.4; 
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p < 0.001). There was no significant difference in weight between dogs with one or two copies 

of 18-FGF4RG (p = 0.159). 

Surgeries were primarily performed at the thoracolumbar region, with 413 (72.6%) 

surgeries performed between T9 and L6, 143 (25.1%) between C1 and T1 and 13 (2.3%) at the 

lumbosacral junction. Anatomical localization of surgical procedure as a percentage of all 

surgeries performed for each genotype category is shown in Supplementary Figure S1. The age 

at first surgery for breeds with more than four surgical cases compared with 12-FGF4RG and 18-

FGF4RG genotypes is presented in Figure 2.  
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Figure 1 Breed and genotype distribution of surgical IVDD cases by body weight. Breeds with 

fewer than four cases are not included in this figure. Breeds are plotted in order of ascending 

median weights and colored by 12-FGF4RG genotype (A) and 18-FGF4RG genotype (B) n = 510). 

Red indicates two copies of each retrogene, orange indicates one copy, and green indicates 

zero copies.  
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Supplemental Figure S1 Anatomical localization of surgical procedures in dogs   
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Linear Regression of Age at Surgery 

Univariable and multivariable linear regression were performed to determine the effect 

of each retrogene on age at time of surgery. On multivariable linear regression, 12-FGF4RG 

status and breed category had the largest effect on age at surgery, followed by weight and 18-

FGF4RG (Table 2). Dogs with one copy of 12-FGF4RG (Table 2; p < 0.001) or with two copies of 

12-FGF4RG (Table 2; p < 0.001) were significantly younger at the time of surgery when 

compared to dogs with zero copies of 12-FGF4RG. There was no significant difference in age at 

surgery between dogs with one versus two copies of 12-FGF4RG (mean difference −4.6 months, 

95% CI −12.7 to 3.5; p = 0.266). Adjusting for other variables, French Bulldogs were significantly 

younger at the time of surgery than mixed breeds (Table 2; p < 0.001), Dachshunds (mean 

difference −37.3 months, 95% CI −50.3 to −24.4; p < 0.001), and other pure breeds (mean 

difference −30.1 months, 95% CI −41.8 to −18.3; p < 0.001). Dachshunds were significantly older 

at surgery when compared to mixed breed dogs (Table 2; p = 0.014). Dogs with one copy of 18-

FGF4RG (Table 2; p = 0.014) were significantly younger at the time of surgery when compared 

to dogs with zero copies of 18-FGF4RG. There was no significant difference in age at surgery 

between dogs with zero versus two copies of 18-FGF4RG (Table 2; p = 0.239) or between dogs 

with one versus two copies of 18-FGF4RG (mean difference 7.6 months, 95%CI −2.29 to 17.5; p 

= 0.132). 
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Figure 2 Breed and genotype distribution of surgical IVDD cases by age at surgery. Breeds are 

plotted in order of ascending median age at surgery. Individuals are colored by 12-FGF4RG 

genotype (A) and 18-FGF4RG genotype (B). Breeds with fewer than four cases are not included 

(n = 510). Red indicates two copies of each retrogene, orange indicates one copy, and green 

indicates zero copies.  



 

 

 

 Age at IVDD surgery Univariable (unadjusted) linear 
regression 

Multivariable (adjusted) linear 
regression 

 Mean SE Difference1              95% CI P Difference1              95% CI P 

12-FGF4RG 
0 copies 

1 copy 
2 copies 

 
102.6 
73.5 
73.0 

 
2.7 
3.0 
2.0 

 
Reference 

-29.1 
-29.5 

 
- 

-37.1 to -21.0 
-36.4 to -22.7 

 
<0.001 

 
Reference 

-26.6 
-31.2 

 
- 

-35.9 to -17.2 
-40.5 to -21.8 

 
<0.001 

Breed 
Mixed breed 

Dachshund 
French Bulldog 

Other purebred 

 
74.7 
82.8 
49.4 
90.1 

 
3.2 
2.7 
3.1 
2.3 

 
Reference 

8.1 
-25.3 
15.4 

 
- 

0.0 to 16.2 
-35.8 to -14.8 

8.0 to 22.7 

 
<0.001 

 
Reference 

12.9 
-24.4 
5.7 

 
- 

2.6 to 23.3 
-36.7 to -12.1 
-2.1 to 13.4 

 
<0.001 

Body Weight (5 kg) 80.4 1.5 1.6 0.3 to 2.9 0.017 -2.2 -3.8 to -0.6 0.008 
18-FGF4RG 

0 copies 
1 copy 

2 copies 

 
82.1 
69.4 
82.1 

 
2.4 
3.9 
2.2 

 
Reference 

-12.7 
0.0 

 
- 

-22.1 to -3.2 
-6.3 to 6.3 

 
0.020 

 
Reference 

-13.1 
-5.5 

 
- 

-23.5 to -2.6 
-14.7 to 3.7 

 
0.049 

Sex 
Female 

Male 

 
78.0 
82.3 

 
2.4 
1.9 

 
Reference 

4.3 

 
- 

-1.7 to 10.3 

 
0.158 

 
- 

 
- 

 
- 

Reproductive 
Status 

Intact 
Spayed/Neutered 

 
82.1 
80.1 

 
3.8 
1.6 

 
Reference 

-2.0 

 
- 

-10.4 to 6.4 

 
0.639 

 
- 

 
- 

 
- 

 

Table 2 Linear regression identifying characteristics associated with age at time of surgery. Standard Error (SE); Confidence Interval 

(CI). 1 Difference column indicates the estimated difference in age (in months) at surgery compared with the reference level. Any 

positive value indicates later age at surgery, and any negative value indicates earlier age at surgery, versus reference level.
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Evaluation of Disc Calcification 

Surgical cases were then categorized based on evidence of disc calcification into Group 

A and Group B. Table 3 shows genotyping results and characteristics for dogs based on group 

classification. Dogs in Group A (calcified disc material on radiograph or at surgery) were smaller 

(median 8.1 kg, IQR 6.1–12.8)(p < 0.001, effect size 14 kg, 95% CI 8.7 to 19.3) and younger 

(median 5.5 years, IQR 3.9–8.0)(p < 0.001, effect size 2.7 years, 95% CI 1.8 to 3.6) at the time of 

surgery compared to the Group B (non-calcified disc material) dogs (median 25 kg, IQR 8.5–

38)(median 9 years, IQR 6.4–11). 12–FGF4RG was more common in Group A than in Group B; 

the allele frequency of 12-FGF4RG was 0.765 in Group A and 0.149 in Group B (χ² = 149.9, p < 

0.001). 18-FGF4RG was also more common in Group A than in Group B with an allele frequency 

of 0.587 and 0.160 (χ² = 61.6, p < 0.001). Forty-six cases classified as Group A had zero copies of 

12-FGF4RG. The breeds represented in this category included Labrador Retriever, Doberman 

Pinscher, German Shepherd, Pit Bull Terrier, Rottweiler, and Pomeranian, as well as several 

individual cases from other breeds and mixed breed dogs. 

Diagnosis Count 
Median 

Weight (kg) 
Median Age at 
Surgery (Years) 

12-FGF4RG 
Frequency 

18-FGF4RG 
Frequency 

Group A 378 8.1 5.5 0.765 0.587 

Group B 47 25.0 9.0 0.149 0.160 

 

Table 3 IVDD phenotypes among surgical cases. Dogs included in Group A had evidence of 

calcified intervertebral discs either radiographically or at the time of surgery, while dogs 

categorized as Group B had no evidence of disc calcification on radiograph or at time of surgery.  



 

31 

 

Within Group A, dogs with zero copies of 12-FGF4RG were significantly older at time of 

surgery than Group A dogs with one copy of 12-FGF4RG (mean difference 22.7 months, 95% CI 

10.4 to 35.0; p < 0.001) or two copies of 12-FGF4RG (mean difference 20.2 months, 95% CI 9.5 

to 30.9; p < 0.001). There was no significant difference in age at surgery between Group A dogs 

with one versus two copies of 12-FGF4RG (p = 0.372). One hundred and thirty Group A dogs 

had zero copies of 18-FGF4RG. There was no significant difference in age at time of surgery 

between Group A dogs with zero copies of 18-FGF4RG and Group A dogs with one copy of 18-

FGF4RG (p = 0.0.240) or two copies of 18-FGF4RG (p = 0.202). However, Group A dogs with one 

copy 18-FGF4RG were significantly younger at time of surgery than group A dogs with two 

copies of 18-FGF4RG (mean difference 11.8 months, 95% CI −22.3 to −1.3; p = 0.026). 

Within Group A, dogs with zero copies of 12-FGF4RG were significantly older at time of 

surgery than Group A dogs with one copy of 12-FGF4RG (mean difference 22.7 months, 95% CI 

10.4 to 35.0; p < 0.001) or two copies of 12-FGF4RG (mean difference 20.2 months, 95% CI 9.5 

to 30.9; p < 0.001). There was no significant difference in age at surgery between Group A dogs 

with one versus two copies of 12-FGF4RG (p = 0.372). One hundred and thirty Group A dogs 

had zero copies of 18-FGF4RG. There was no significant difference in age at time of surgery 

between Group A dogs with zero copies of 18-FGF4RG and Group A dogs with one copy of 18-

FGF4RG (p = 0.0.240) or two copies of 18-FGF4RG (p = 0.202). However, Group A dogs with one 

copy 18-FGF4RG were significantly younger at time of surgery than group A dogs with two 

copies of 18-FGF4RG (mean difference 11.8 months, 95% CI −22.3 to −1.3; p = 0.026). 

Radiographic screenings for calcified discs are used by some breeding programs in an 

attempt to reduce the incidence of IVDD 21. Therefore, we compared the characteristics of 



 

32 

 

cases with and without calcified discs defined by radiography. Four hundred and twenty-three 

of the surgical cases had radiographic reports available for review. Calcified discs were 

observed significantly (p < 0.001) more often in dogs with two copies of 12-FGF4RG (84.8%; 

190/224) than in dogs with one copy (63.8%; 51/80) or zero copies (18.5%; 22/119) of 12-

FGF4RG. Univariable and multivariable logistic regression was performed in order to determine 

what characteristics had an effect on disc calcification (Table 4). The main contributor to disc 

calcification was the presence of 12-FGF4RG. The odds of disc calcification increased with 

increasing number of copies of 12-FGF4RG. When compared to dogs with one copy of 12-

FGF4RG, dogs with two copies had 2.5 times greater odds of disc calcification (OR 2.46, 95% CI 

1.21 to 5.03; p = 0.013). Other significant contributors to disc calcification were age and breed. 

The rate of having at least one calcified disc differed significantly (p < 0.001) by breed. At least 

one calcified disc was observed in 105/116 (90.5%) Dachshunds, 36/51 (70.6%) French Bulldogs, 

51/82 (60.2%) mixed breeds, and 71/174 (40.8%) other pure breeds. Dachshunds had 

significantly higher odds of disc calcification versus other pure breeds (OR 2.53, 95% CI 1.01 to 

6.36; p = 0.048) and versus French bulldogs (OR 5.03, 95% CI 1.54 to 16.46; p = 0.007). While 

copy number of 18-FGF4RG was significant on univariable analysis, on multivariable analysis 

adjusting for other variables there was no significant difference in odds of disc calcification 

when comparing dogs with zero copies of 18-FGF4RG to dogs with one or two copies (Table 4), 

or when comparing dogs with one versus two copies (OR 1.56, 95% CI 0.58 to 4.20; p = 0.376). 

Relative Risk 

Since a large number of mixed breed dogs were available from the retrospective 

collection that had disc decompressive surgery (N = 46) and suitable controls were available (N 
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= 460: mixed breed dogs aged 10 years or older without history of disc herniation), univariable 

and multivariable logistic regression was performed to determine which factors are associated 

with risk of decompressive surgery for IVDD. On univariable logistic regression, 12-FGF4RG, 18-

FGF4RG, and weight were significantly associated with IVDD surgery (Table 5). However, under 

multivariable analysis, 12-FGF4RG status was the only contributor significantly associated with 

IVDD surgery. There was no significant difference in odds of IVDD surgery when comparing dogs 

with one or two copies of 12-FGF4RG (OR 2.40, 95% CI 0.89 to 6.46; p = 0.083). 

Because 12-FGF4RG was found to be the main contributor to both age at IVDD surgery 

and disc calcification among surgical cases and was the only factor significantly associated with 

IVDD surgery in mixed breed dogs, a breed specific relative risk associated with the presence of 

12-FGF4RG was then calculated. The high allele frequency of 12-FGF4RG among 

chondrodystrophic breeds such as Dachshunds and French Bulldogs precluded the calculation 

of a relative risk, and therefore, only breeds that segregated 12-FGF4RG (allele frequency < 0.5) 

and mixed breed dogs were included (Table 6). Only samples that had been collected randomly 

with respect to IVDD were used for relative risk calculations. Mixed breeds with 12-FGF4RG had 

the highest associated relative risk for IVDD at 15.1.  



 

 

 

 Univariable logistic regression Multivariable logistic regression 

 OR 95%CI P OR 95%CI P 
12-FGF4RG 

0 copies 
1 copy 

2 copies 

 
Reference 

7.75 
24.64 

 
- 

4.04 to 14.84 
13.67 to 44.42 

 
<0.001 

 

 
Reference 

6.02 
14.82 

 
- 

2.75 to 13.18 
6.46 to 34.04 

 
<0.001 

 

Age at IVDD, year 0.81 0.75 to 0.87 <0.001 0.88 0.80 to 0.95 0.003 
Breed 

Mixed breed 
Dachshund 

French Bulldog 
Other purebred 

 
Reference 

5.80 
1.46 
0.42 

 
- 

2.70 to 12.47 
0.69 to 3.09 
0.24 to 0.72 

 
<0.001 

 
Reference 

1.82 
0.36 
0.72 

 
- 

0.61 to 5.39 
0.13 to 1.02 
0.34 to 1.51 

 
0.035 

 

18-FGF4RG 
0 copies 

1 copy 
2 copies 

 
Reference 

1.88 
4.37 

 
- 

0.94 to .374 
2.80 to 6.83 

 
<0.001 

 
Reference 

0.66 
1.04 

 
- 

0.26 to 1.70 
0.49 to 2.20 

 
0.641 

Body weight (5 kg) 0.78 0.70 to 0.84 <0.001 - - - 
Male sex 0.99 0.67 to 1.47 0.960 - - - 
Spayed or neutered 2.10 1.23 to 3.56 0.006 - - - 

 

Table 4 Logistic regression analysis of factors associated with radiographically calcified discs. Results of univariable and 

multivariable logistic regression analysis of factors associated with having at least one radiographically calcified disc at the time of 

IVDD surgery in 423 dogs. Odds Ratio (OR).  
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 Univariable logistic regression Multivariable logistic regression 

 OR 95%CI P OR 95%CI P 
12-FGF4RG 

0 copies 
1 copy 

2 copies 

 
Reference 

18.38 
43.11 

 
- 

8.51 to 43.26 
15.10 to 129.8 

 
<0.001 

 

 
Reference 

18.4 
44.2 

 
- 

7.44 to 50.26 
12.92 to 163.3 

 
<0.001 

 

18-FGF4RG 
0 copies 

1 copy 
2 copies 

 
Reference 

4.9 
7.7 

 
- 

2.36 to 10.19 
3.25 to 17.46 

 
<0.001 

 

 
Reference 

3.1 
2.3 

 
- 

1.14 to 8.34 
0.77 to 6.90 

 
0.079 

Body weight (5 kg) 0.7 0.59 to 0.81 <0.001 1.2 0.92 to 1.44 0.22 
Male sex 1.33 0.73 to 2.48 0.355 - - - 

 

Table 5 Logistic regression analysis of factors associated with IVDD surgery in 506 mixed breed dogs (46 surgical cases and 460 

non-surgical). All non-surgical cases were at least 10 years of age at their last visit to the Veterinary Medical Teaching Hospital 

(VMTH) and had no diagnosis of IVDD. 

 

Breed Total Dogs 12-FGF4RG allele frequency Relative Risk 95% CI P Value 

Shih Tzu 52 0.25 10.3 1.8 – 62.1 0.005 
Bichon Frise 39 0.18 10.0 1.7 – 60.1 0.011 
Mixed breed 508 0.10 15.1 7.6 – 29.9 <0.0001 
Chihuahua 60 0.10 5.5 1.7 – 18.2 0.008 

 

Table 6 Relative risk associated with 12-FGF4RG for IVDD. Dogs included in the IVDD categories were at least 10 years of age as of 

their last visit to the VMTH. Breed allele frequencies information is taken from dogs with no diagnosis of IVDD (supplemental table 

1). 
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DISCUSSION 

Both 12-FGF4RG and 18-FGF4RG are common across many dog breeds, as they were 

found in at least one dog in 53% and 43%, respectively, of the 75 breeds tested. Among the 

dogs treated surgically for IVDD, dogs that carried at least one copy of 12-FGF4RG were 

significantly younger, smaller and more likely to have radiographically calcified discs than the 

dogs without 12-FGF4RG. 12-FGF4RG was the only retrogene with a statistically significant 

effect on disc calcification in an additive manner. Age and breed also had modest effects on disc 

calcification. Under multivariable logistic regression, 12-FGF4RG was the only factor 

contributing to IVDD surgery in mixed breed dogs. The relative risk for 12-FGF4RG varied among 

segregating breeds, with mixed breed dogs carrying 12-FGF4RG the most at risk for IVDD. 

The 12-FGF4RG has been described in association with the chondrodystrophic 

phenotype 1, as previously defined clinically and pathologically by Hansen, Braund, and others 

10,11. Consistent with these historical data, presence of the 12-FGF4RG in this large data set was 

found to be significantly associated with four major clinico-pathological phenotypes associated 

with chondrodystrophy-associated IVDD; specifically, small size, anatomical location of IVDD, 

early age of onset, and presence of calcification. IVDD in 12-FGF4RG carrying dogs was mostly 

located in the thoracolumbar region, while only 14.2% of the extruded discs localized to the 

cervical region. Hansen observed that only 15% of the extruded discs in the chondrodystrophic 

breeds were cervical, and other studies have also shown that thoracolumbar herniation is most 

common in the chondrodystrophic breeds 18,22,23. In contrast, among the dogs with zero copies 

of 12-FGF4RG, 42.2% of the extruded discs localized to the cervical region. The caudal cervical 

region, in particular, was the most affected, although thoracolumbar and lumbosacral IVDD was 
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also present among the dogs with zero copies of 12-FGF4RG, results which are consistent with 

previous studies in non-chondrodystrophic breeds 18,23,24. 

While age at time of surgery across all breeds was significantly lower for 12-FGF4RG 

dogs, significant differences were present within specific chondrodystrophic breeds suggestive 

of additional factors, either genetic or environmental, that may contribute to overall disease 

presentation. As has been described previously, French Bulldogs had a mean age at time of 

surgery significantly lower than other breeds, at 4.1 years 25. Alterations in WNT pathway 

signaling have been consistently implicated in aging and degeneration of the intervertebral disc 

26,27,28. Down regulation of WNT signaling has been described specifically in chondrodystrophic 

dog degenerate nucleus pulposus 27, and a downregulating frameshift variant in the WNT 

pathway gene Dishevelled 2 (DVL2) was also recently identified and associated with screw tail 

and brachycephaly in Bulldogs, French Bulldogs, and Boston terriers 29. Bulldogs and Boston 

Terriers rarely carry the 12-FGF4RG and are rarely reported with IVDD; however, it is interesting 

to speculate that the significantly earlier onset of IVDD in French Bulldogs carrying the 12-

FGF4RG may be related to additional perturbation of WNT signaling exacerbating FGF4 

retrogene-related pathology. 

Dachshunds, the breed with the highest prevalence of disc disease in this study and 

elsewhere, surprisingly had a significantly older age of onset than mixed breeds. While fewer 

individuals were identified from other breeds, there is a trend that breeds with a high allele 

frequency of 12-FGF4RG have a later median age of onset of disc herniation. It is possible that 

breeds with high allele frequencies of 12-FGF4RG, such as Beagles and Dachshunds, have 

undergone additional selection with younger onset affected animals being more likely to be 
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excluded from the breeding pool. It is also possible that owners treat their dogs differently 

since they are aware of the risk of disc herniation within these breeds. Within breed selection 

for protective effects could also explain why mixed breed dogs suffer the greatest relative risk 

for IVDD associated with 12-FGF4RG, as they would not benefit from any protective alleles. 

The original classification of type I and type II IVDD made by Hansen was done based on 

histopathological examinations of intervertebral discs and signalment. For this study, in the 

absence of histopathology, when descriptions of calcified or mineralized disc material were 

available from the surgery or radiographic reports, the cases were classified as Group A or 

Group B. Under this classification system, the majority (87%) of dogs in Group A had at least 

one copy of 12-FGF4RG, consistent with a dominant mode of inheritance. Interestingly, 46 out 

of the 378 cases classified as Group A had no copies of 12-FGF4RG. Previous studies have 

shown that Hansen type I IVDD can occur in non-chondrodystrophic breeds, and, more recently, 

it has also been shown that the histopathological progression of disc degeneration is similar 

between the chondrodystrophic and non-chondrodystrophic breeds 17,19,22. Therefore, it is 

reasonable to expect that some older non-chondrodystrophic dogs could present with clinical 

IVDD resembling that seen in the chondrodystrophic breeds. In this study, the Group A dogs 

with zero copies of 12-FGF4RG were on average 22 months older than the Group A dogs with 

one or two copies of 12-FGF4RG. It is unclear whether non-chondrodystrophic dogs presenting 

with either calcified intervertebral discs or chronic disc protrusions are reflections of a 

spectrum of presentations within a common phenotype, similar to heterogeneity that may be 

seen even within chondrodystrophic breeds, or whether additional genetic factors may be 
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present in non-chondrodystrophic dogs, resulting in histopathologically similar end points of 

disc degeneration with a later onset of disease. 

Although the current and previous data support 12-FGF4RG as the chondrodystrophy 

locus, many chondrodystrophic breeds expressing the 12-FGF4RG also carry the 18-FGF4RG, 

possibly reflecting prolonged breeding selection for a short limbed phenotype through two 

different loci (Supplementary Table S1; Table 1). The effect of 18-FGF4RG was modest and only 

significant in one copy and not two. The number of dogs in this category (heterozygous for 18-

FGF4RG) was low (N = 73) compared to the number of homozygous animals (zero copies 18-

FGF4RG N = 243; two copies 18-FGF4RG N = 253). These differences in allele frequency are 

reflective of the allele frequency results within breeds reported here and elsewhere 2. The fact 

that two copies of 18-FGF4RG does not significantly reduce the age of onset of IVDD argues that 

the significant effect seen in this dataset for one copy is less likely to be biologically significant. 

Logistic regression using calcification as an outcome also found that the addition of 18-FGF4RG 

did not improve the regression equation compared to 12-FGF4RG alone. Multivariable logistic 

regression also showed that 18-FGF4RG did not significantly contribute to IVDD surgery in 

mixed breed dogs, where 12-FGF4RG alone explained the outcome. While this study does not 

rule out that 18-FGF4RG is contributing to the IVDD disease phenotype in minor ways, such as a 

younger age of onset (13 months) in dogs with one copy of 18-FGF4RG, the effect of 12-FGF4RG 

was found to be far greater on all aspects of the disease. 

Progression of the nucleus pulposus from normal to a radiographically visible 

degenerate and mineralized pathology appears to be under the influence of copy number of 

12-FGF4RG since there is an additive effect. This is in contrast to the effect on age of onset of 
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herniation, which is the same between dogs with one or two copies of 12-FGF4RG. In previous 

work evaluating height in the Nova Scotia Duck Tolling Retriever, the effect of 12-FGF4RG was 

also additive. Beagle neonatal puppies with two copies of 12-FGF4RG were previously shown to 

have 20-fold higher expression of FGF4 in the intervertebral disc compared to Cane Corso 

neonatal puppies with no FGF4 retrogenes 1. It is possible that continued high expression in the 

disc in adults is contributing to the rate of mineralization in an additive fashion but that the 

presence of degeneration is enough to predispose dogs to herniation. 

The mechanisms underlying the differential phenotypes associated with the FGF4 

retrogenes remain to be elucidated. The relatively minimal effects of 18-FGF4RG on disc disease 

compared to that of 12-FGF4RG could be due to differences in expression patterns between the 

two FGF4 retrogenes. Although retrogenes are often regarded as non-expressing pseudogenes 

due to the frequent lack of defined regulatory elements 30, the 5′ end of the FGF4 retrogenes 

contains a highly conserved CpG island which is predicted to function as a promotor 31,32. Both 

FGF4 retrogenes have been shown to be transcriptionally active, although associated clinical 

phenotypes appear to be different 1,2. It was previously theorized that expression of 12-FGF4RG 

in the intervertebral disc is based on the chromosomal environment in which it was inserted, 

since all nearby genes were shown to be expressed in the intervertebral disc 1. Temporal and 

tissue-specific expression profiles of the two FGF4 retrogenes (with associated different clinical 

phenotypes) may, therefore, be more dependent on the genomic context at the different 

insertion sites. 

Dachshunds are the most commonly affected breed with IVDD, and most of the 

demographic and breed selection related studies have been conducted relating to the various 
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Dachshund breed varieties 13,24,33,34. Dachshunds, similarly, made up the largest portion of this 

study population, accounting for 31.6% of all retrospectively collected surgical cases, while only 

making up 4.7% of the DNA repository. While Dachshund variety information was not defined in 

this study, weights indicated that only two of the 148 surgical cases were Standard Dachshunds, 

while 146 were miniatures. The allele frequency for 12-FGF4RG was high within the breed; 

however, there was variation depending on where the samples were collected (0.98 in USA/UK 

samples and 0.94 in Swiss samples), indicating that some populations may be less homozygous 

than others. It is possible that some varieties of Dachshund segregate 12-FGF4RG more than 

others, and studies on IVDD in Dachshunds outside the USA suggest that this may be true: A 

previous genetic analysis of disc calcification in Wirehaired Standard Dachshunds registered to 

the Danish Kennel Club identified an associated region on chromosome 12 near the 12-FGF4RG, 

indicating that the population studied likely segregated 12-FGF4RG 35, and wire-haired varieties 

also appear to be less often clinically affected by IVDD 18,21,33,36. 

Several studies have defined incidence of calcification in Dachshunds, the relationship 

between calcification and risk of clinical disc disease, and the heritability of disc calcification, 

providing a body of data to try and inform selective breeding to reduce IVDD incidence in the 

breed 15,21,37. Interestingly, recent pilot data (Proschowsky and Fredholm, Gravhunden 1-2018 

pp 12-13, Magazine for members of the Danish Dachshund Club) evaluating genotype of 12-

FGF4RG and calcification scores in Dachshunds from Denmark showed an OR of 6.1 for high 

calcification scores (K6–K15) associated with either one or two copies of 12-FGF4RG allele 

within the wire haired variety. It is possible that data from historical calcification and 

heritability studies, particularly when segregating varieties were included, may have been a 
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reflection of 12-FGF4RG allele frequency within the heterogeneous Dachshund populations 

studied 15,21,37. 

Determining whether disease incidence as opposed to age of onset increases with two 

versus one copy of the retrogene is important information for the purpose of IVDD breed 

eradication strategies. Circumstantial evidence may support an increase in disease incidence 

with two copies given the association between historical calcification scoring (at a defined age) 

and disease incidence in one breed of dog 13,14, and the correlation of radiographically calcified 

discs and 12-FGF4RG allele frequency in this study. However, age at surgery in this study was 

highly variable, and data relating to radiographic presence of calcification should be interpreted 

in this context, since it has been shown that the number of radiographically calcified discs 

declines with age 21,38. Selection against higher numbers of disc calcifications through 

radiographic screening programs in Dachshunds has been implemented in some countries as a 

way of reducing the incidence of IVDD 14,38, although progress has been limited to date 15. This 

may reflect the inherent sensitivity and specificity issues associated with using disc calcification 

scoring, and its application over potentially heterogeneous 12-FGF4RG populations of 

Dachshund varieties. Among the Dachshund surgical cases in this study, 9.4% had no 

radiographic evidence of disc calcification. These results are similar to previous retrospective 

studies in Dachshunds and Pekingese that found that 13% and 17% of cases with disc extrusions 

had no radiographic calcification 39,40, likely reflecting low sensitivity (0.3–0.6) compared to 

histopathological assessment, as well as limitations of calcification as the sole marker for 

“clinically” relevant pathology 41,42.  
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CONCLUSIONS 

Here, we report that 12-FGF4RG is both associated with intervertebral disc calcification 

and with age at time of surgery for IVDD across all affected breeds. The presence of 12-FGF4RG 

increases the risk for disc herniation 5.5–15.1-fold over the background risk in segregating and 

mixed breeds. Our findings suggest that breeding priorities should be for dogs with fewer 

copies of 12-FGF4RG, so that the allele frequency can be reduced. In breeds with lower allele 

frequencies of 12-FGF4RG, selection against the allele should reduce the incidence of disc 

disease. Even among breeds with high allele frequencies, genetic screening may be desirable to 

identify dogs with only one copy of 12-FGF4RG so that dogs with zero copies may eventually be 

bred, significantly improving the overall health of affected breeds. 

SUPPLEMENTARY MATERIALS 

The following are available online at https://www.mdpi.com/2073-4425/10/6/435/s1, 

Figure S1: Anatomical localization of surgical procedures in dogs, Table S1: Breed list with 

genotypes for 12-FGF4RG and 18-FGF4RG. 
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ABSTRACT 

Two transcribed retrocopies of the fibroblast growth factor 4 (FGF4) gene have 

previously been described in the domestic dog. An FGF4 retrocopy on chr18 is associated with 

mailto:dlbannasch@ucdavis.edu


 

48 

 

disproportionate dwarfism, while an FGF4 retrocopy on chr12 is associated with both 

disproportionate dwarfism and intervertebral disc disease (IVDD). In this study, whole-genome 

sequencing data were queried to identify other FGF4 retrocopies that could be contributing to 

phenotypic diversity in canids. Additionally, dogs with surgically confirmed IVDD were assayed 

for novel FGF4 retrocopies. Five additional and distinct FGF4 retrocopies were identified in 

canids including a copy unique to red wolves (Canis rufus). The FGF4 retrocopies identified in 

domestic dogs were identical to domestic dog FGF4 haplotypes, which are distinct from modern 

wolf FGF4 haplotypes, indicating that these retrotransposition events likely occurred after 

domestication. The identification of multiple, full length FGF4 retrocopies with open reading 

frames in canids indicates that gene retrotransposition events occur much more frequently 

than previously thought and provide a mechanism for continued genetic and phenotypic 

diversity in canids.  

INTRODUCTION 

Gene retrocopies, often previously referred to as processed pseudogenes, are formed 

through the mRNA-mediated gene duplication of cellular gene transcripts 1. In mammals, this 

process is mediated by long interspersed nuclear elements 1 (L1) acting in trans 2,3. L1s are the 

only autonomous, retrotransposable elements still active today in mammals, and while over 

100 active, full-length L1s have been identified in humans, dogs have more than 200 active L1s 

4. L1 insertion is accomplished through target primed reverse transcription, a process that 

results in duplication of genomic DNA at the insertion site, called a target site duplication (TSD) 

5. Because gene retrocopies are formed from processed mRNA, they also lack introns and 

contain a polyA tail, features that distinguish them from their parental gene. Although 
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retrocopy insertions can occur anywhere in the genome, the L1 machinery shows a preference 

for the TTAAAA consensus sequence as an insertion site 3,6. 

Retrocopies are more likely to come from highly expressed genes 7, with some genes 

having over a dozen retrocopies 8. Most of the retrocopies present in any given reference 

genome arose millions of years ago and have since acquired numerous sequence variants 

differentiating them from their parent genes 8. While many retrocopies have also lost their 

open reading frame (ORF), L1 is still actively producing retrocopies with intact ORFs in 

mammalian genomes. Hundreds of recent, polymorphic gene retrocopies have been reported 

in humans and mice 9,10,11. Notably, polymorphic retrocopies were more common in mice than 

in humans, consistent with mice having more active L1s 9. A recent survey of retrocopies in the 

canfam3 reference genome has identified over 3000 retrocopies, 476 of which were intact 12, 

and several gene retrocopies have also been identified on the canine Y chromosome 13. 

However, it is still unclear how many recent, polymorphic retrocopies are in canids that are not 

present in the canfam3 reference genome. 

Two expressed, polymorphic fibroblast growth factor 4 gene (FGF4) retrocopies have 

been described previously in dogs on chr18 14 and chr12 15, referred to as FGF4L1 (CFA18) and 

FGF4L2 (CFA12) in this study. Both FGF4L1 and FGF4L2 are associated with forms of 

disproportionate dwarfism that are common across many popular dog breeds, and there is 

evidence that these genes have been under selection owing their strong phenotypic effects 

16,17. FGF4L2 has also been associated with canine chondrodystrophy, a disorder characterized 

by premature degeneration of the intervertebral discs, which predisposes affected dogs to 
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intervertebral disc herniation 18. However, chondroid disc degeneration can also be seen in 

dogs without FGF4L2, indicating the possibility of alternative risk loci for the disorder 19. 

Because two recent, functional FGF4 retrocopies had already been described in dogs, 

we hypothesized that more FGF4 retrocopies could be segregated across dog breeds, which 

may contribute to limb morphology and/or disc disease. Previous FGF4 retrocopies were 

identified following genome-wide associations for disproportionate dwarfism. In the current 

study, two approaches were utilized to identify additional FGF4 retrocopies in dogs. First, 

discordant read mapping of paired-end Illumina reads from publicly available whole-genome 

sequence data was used to identify additional polymorphic FGF4 retrocopies in canid genomes 

that would not be identified by common variant calling techniques. The second approach was 

to perform exon to exon polymerase chain reaction (PCR) to identify the presence of an intron-

less retrocopy, followed by inverse PCR to identify the site of insertion. Five additional FGF4 

retrocopies were then identified, sequenced, and characterized. 

MATERIALS AND METHODS 

FGF4 Retrocopy Discovery in Whole-Genome Sequence Data 

Data from six BioProjects (PRJNA448733, PRJEB16012, PRJNA288568, PRJNA377155, 

PRJEB20635, and PRJEB32865) were utilized for this approach 20,21,22,23,24,25. This included 1125 

individuals from 160 different breeds, as well as 101 indigenous dogs, 141 wolves, and 3 

coyotes (Supplemental Table S1). The canine reference genome, CanFam3, does not contain 

any full length FGF4 retrocopies, and thus all reads coming from FGF4 retrocopies are aligned to 

the parental FGF4 gene locus. To identify any such novel FGF4 retrocopies, aligned paired end 
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Illumina sequence data in the region surrounding the FGF4 gene (CanFam3 chr18:48,412,000–

48,418,000) were downloaded from the Sequence Read Archive and analyzed. Sequencing files 

were viewed in Integrative Genomics Viewer 26. Discordant paired end reads mapping from 

exon to exon (Supplemental Figure S1 shown in red) are indicative of the presence of an FGF4 

gene retrocopy somewhere in the genome as retrocopies lack introns, while discordant paired 

end reads, wherein one mate maps to the FGF4 gene locus and the other mate maps to another 

region of the genome, are indicative of the putative insertion site for an FGF4 retrocopy 

(Supplemental Figure S1 shown in teal). The presence of both forms of discordant reads was 

used as an indication of an FGF4 retrocopy insertion.  

FGF4 Retrocopy Discovery in Clinical Cases 

Whole-genome sequence data were not available for any of the individuals treated by 

surgical decompression for presumed IVDD. Therefore, a molecular approach was developed to 

test for novel FGF4 retrocopies in DNA samples. A total of 164 surgical cases that were 

previously shown to have 0 copies of FGF4L1 and FGF4L2 were used for novel FGF4 retrocopy 

discovery 19. The presence of FGF4 retrocopies was tested by amplifying the region between 

exon 1 and exon 3 of FGF4 (Supplemental Table S2). The identification of a reduced size, intron-

less product indicates the presence of an FGF4 retrocopy (Supplemental Figure S2). When an 

individual tested positive for an FGF4 retrocopy and negative for the two known FGF4 

retrocopy insertions, inverse PCR 27 was then performed to identify the insertion site of the 

FGF4 retrocopy. For inverse PCR, 1 μg of genomic DNA was digested with the MboI restriction 

enzyme according to the manufacturer’s instructions (New England Biolabs, Ipswich, MA, USA), 

and fragments were then circularized by ligation at final concentrations varying between 1 and 
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10 ng/μL using T4 DNA ligase according to the manufacturer’s instructions for sticky end 

ligation (New England Biolabs, Ipswich, MA, USA). A set of inverted primers were designed that 

amplified circular DNA fragments containing the 5′ end of the FGF4 retrocopy insertion 

(Supplemental Table S2). PCR was then performed using LongAmp Taq DNA polymerase 

according to the manufacturer’s instructions (New England Biolabs, Ipswich, MA, USA). PCR 

products were visualized by gel electrophoresis and isolated for Sanger sequencing using a 

QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA). All PCR primers were designed using 

primer3 (http://bioinfo.ut.ee/primer3/) 28. 

Sequencing and Comparitive Analysis of FGF4 Retrocopies 

All canine DNA samples used for retrocopy sequencing and subsequent population 

genotyping of the FGF4 retrocopies came from the Bannasch Canine Repository and were 

obtained under UC Davis Animal Care and Use Committee protocol 18,561 19 (Supplemental 

Table S3). Red wolf tissue samples for DNA extraction were obtained with the approval of the 

United States Fish and Wildlife Services. PCR primers were designed to flank the insertion sites 

of FGF4 retrocopies identified via discordant paired end reads or inverse PCR (Supplemental 

Table S1). Entire retrocopy insertions were then amplified through PCR using LongAmp Taq 

DNA polymerase according to the manufacturer’s instructions (New England Biolabs, Ipswich, 

MA, USA). The full sequence of each retrocopy was obtained through Sanger sequencing using 

a series of internal primers (Supplemental Table S2). Variants in the parental FGF4 gene were 

observed in a dataset of 722 canids to determine which single-nucleotide variants (SNVs) were 

unique to FGF4 retrocopies 20. 
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Conservation at Insertion Sites 

Evolutionarily conserved elements (ECR) near the FGF4 retrocopy insertion sites were 

defined using the 4-Way Multiz Alignment & Conservation track for CanFam2 on the UCSC 

genome browser 29, which shows a measure of evolutionary conservation between dog, human, 

mouse, and rat genomes using Multiz alignment 30. 

Population Genotyping 

Breeds were selected for population genotyping based on the breeds in which they 

were identified, excluding breeds where whole-genome sequencing data indicated they did not 

contain any FGF4 retrocopies. PCR assays utilizing three primers per assay were designed for 

each FGF4 retrocopy for population genotyping, as previously described 15. In each assay, a 

shared internal primer at the 3′ end of the FGF4 retrocopy produces a different size amplicon 

when the retrocopy is present (Supplemental Table S1). 

Height Measurements 

Height was measured in selected cases to determine if FGF4 retrocopies had any effect 

on height. All height measurements were performed by the same individual using a standard 

wicket (height measuring device for dogs). Multivariable linear regression was performed in R 

studio using the generalized linear model function with sex and FGF4 genotype included to 

identify any association with height. 

RESULTS 

FGF4 Retrocopy Discovery from Whole-Genome Sequence Data 



 

54 

 

In addition to the two known FGF4 retrocopies, FGF4L1 and FGF4L2, evidence for four 

additional FGF4 retrocopies in canids was observed in the whole-genome sequence dataset 

(Table 1). The novel FGF4 retrocopies include a copy on CFA27 (FGF4L3) seen in three Nova 

Scotia Duck Tolling Retrievers (NSDTR); a copy on CFA22 (FGF4L4) seen in two Norwich Terriers; 

a copy on CFA13 (FGF4L5) seen in a Belgian Malinois and a Dutch Shepherd; and a copy on 

CFA36 (FGF4L6) seen in two red wolves. Sequence read archive (SRA) accession numbers for 

these individuals are available in Supplemental Table S4. 

Discordant reads were also observed at the 3′ end of the FGF4 gene locus aligning to a 

partial FGF4 retrocopy insertion in the CanFam3 reference genome at chr7:68,372,263–

68,373,442. To confirm whether this was a real FGF4 retrocopy fragment or a mistake in the 

reference assembly, primers were designed flanking the insertion and the region was amplified 

in six Boxers. Five were heterozygous for the CFA7 partial FGF4 retrocopy insertion, and Sanger 

sequencing confirmed the sequence matched the reference genome. Because this retrocopy 

only contains the 3′ UTR of the gene and has no ORF, this retrocopy fragment was not 

considered for further analysis. 

FGF4 Retrocopy Discovery in Dogs Treated for Disc Disease 

A surgically treated population of 164 individuals that had neither FGF4L1 nor FGF4L2 

was then tested for the presence of any FGF4 retrocopy using an exon–exon PCR assay. Four of 

these individuals tested positive for the presence of an FGF4 retrocopy. These samples were 

first tested for the other newly discovered FGF4 retrocopies. One sample, a Shetland Sheepdog, 
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was heterozygous for FGF4L5. The medical history of this individual indicates that it received a 

hemilaminectomy to treat a mass that was not disc-related.



 

 

 

 

Name Location Sequence at Insertion Site Strand G/C ECR Method 

FGF4L1 Chr18:20,443,703–20,443,735 ACCATGAAATAAGTCAGACAGAGAAAGACAAGT + 36.4 2 GWAS14 

FGF4L2 Chr12:33,710,158–33,710,188 ATTCCTATTCAAGTGCTTTGAACTCTTCAAA + 32.3 1 GWAS15 

FGF4L3 Chr27:24,834,102–24,834,135 TGAGAATACTCAGGGACCATTTCTATTGACTTTT - 35.3 0 DRM 

FGF4L4 Chr22:47,761,852–47,761,888 TGTCTTTGTCAAGAATATTCTGGTTGTGAGTAATAGA + 32.4 2 DRM 

FGF4L5 Chr13:28,020,009–28,020,044 GCAGTTTCTTAAAACTTAGAGGAACAAAGTAGCTTG + 36.1 6 DRM 

FGF4L6 Chr36:11,456,175–11,456,208 AAAGCATTAATTACCAAAGTACTATTTCATAACT + 23.5 1 DRM 

FGF4L7 Chr13:25,020,597–25,020,632 GAATCGTGTTTAAGAAGGGGTGGTATGACTTGCCCT - 47.2 3 Inverse PCR 

 

Table 1 Genomic sequence at fibroblast growth factor 4 gene (FGF4) retrocopy insertion sites in canids. Target site duplications 

(TSDs) are in bold and underlined. Ten bases upstream and downstream from the TSD are included, as well as the strand orientation 

of the retrocopy, G/C content of the region, and evolutionarily conserved elements (ECR) within 2.5 kb of the insertion site. FGF4 

retrocopies were identified by GWAS, discordant read mapping (DRM), and inverse PCR. 
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The three remaining dogs were all Pit Bull Terrier mixes that had received 

hemilaminectomies for IVDD at relatively young ages (age at time of surgery of 3, 5, and 8 

years), and none of the newly discovered or previously defined FGF4 retrocopies were present 

in these individuals, indicating they contained a novel FGF4 retrocopy. Inverse PCR was then 

performed to discover the insertion site of the novel FGF4 retrocopies in these individuals, 

which was on CFA13 (FGF4L7) at approximately CFA13:25,020,600. The three dogs were all 

heterozygous for FGF4L7, and Sanger sequencing revealed that FGF4L7 is a full length FGF4 

retrocopy. 

Comparative Analysis of FGF4 Retrocopies 

Novel FGF4 retrocopies were confirmed through PCR amplification and sequencing. The 

genomic location for the FGF4 retrocopies, their TSD, and genomic sequence surrounding the 

TSD are shown in Table 1. Exact TSD length varied from 11 to 17 bases, with a median of 15 bp. 

The loosely conserved L1 consensus insertion site sequence (TTAAAA) was only observed at the 

FGF4L5 insertion site. Insertion sites for 6/7 of the FGF4 retrocopies had a low G/C content 

compared with the Canfam3 average of 41.3% (Table 1). All FGF4 retrocopies inserted into 

intergenic regions of the genome. Both FGF4L1 and FGF4L3 inserted into a LINE element, while 

FGF4L4 inserted into a long terminal repeat (LTR). The number of evolutionarily conserved 

regions within 2.5 kb of the insertion sites is also reported in Table 1. 

Comparison of each FGF4 retrocopy to the parental FGF4 sequence showed that each 

novel copy has a fully conserved ORF (Figure 1). The 5′ UTR of FGF4L3 is truncated by 112 bp 

compared with the other retrocopies, and the 3′ UTR in both FGF4L1 and FGF4L4 is truncated 
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by 530 bp and 83 bp. No single-nucleotide variants (SNVs) were identified in either the ORF or 

the 5′ UTR of any of the retrocopies. However, six SNVs were identified in the 3′ UTR that 

differed from the reference genome FGF4 gene sequence. Analysis of a whole-genome 

sequencing variant calling dataset from 722 canids indicated that these SNVs are also present at 

the parental FGF4 gene (Supplemental Table S5). Therefore, no SNV specific to any of the dog 

FGF4 retrocopies was identified. Rather, the differences between FGF4 retrocopies are owing to 

different haplotypes of the parental FGF4 gene from which the retrocopies formed. Notably, 

the 3′ end of the parental FGF4 gene in wolves contains several SNV not identified in any 

domestic dogs (Supplemental Table S5). 

 The red wolf FGF4L6 3′ UTR sequence contained two single nucleotide indels not 

observed in any domestic dog FGF4 sequences: a deletion (CFA18:48,415,685delA) and an 

insertion (CFA18:48,416,575_48,416,576insA). These indels were not identified in any canids 

other than the two red wolves in a whole-genome sequencing variant calling dataset, which 

included 46 gray wolves. The parental FGF4 locus was sequenced in seven red wolves to 

determine whether these variants also exist in the parental gene in red wolves or if they are 

unique to the retrocopy. While three individuals were heterozygous for the 

CFA18:48,416,575T>TA insertion at the parental FGF4 gene, CFA18:48,415,685CA C was not 

identified in any of the parental FGF4 sequences, indicating this variant may have occurred 

after retrotransposition and may be unique to FGF4L6.  
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Population Genotyping of Novel FGF4 Retrocopies 

A targeted population genotyping approach based on the breeds in which FGF4 

retrocopies were identified was utilized to determine allele frequencies of the FGF4 

retrocopies. A complete list of FGF4 retrocopy genotyping results is available in Supplemental 

Table S3. FGF4L3 was only observed in the NSDTR breed in the whole-genome sequencing 

dataset, and was thus tested in 100 randomly selected NSDTR. The allele frequency of FGF4L3 

was 8.5% in the NSDTR. 

FGF4L4 had an allele frequency of 16.7% in Norwich Terriers (n = 30). Further testing for 

FGF4L4 in related terrier breeds identified this retrocopy in Norfolk Terriers (n = 10, allele 

frequency 30%), Border Terriers (n = 32, allele frequency 71.9%), and Skye Terriers (n = 10, 

allele frequency 5%). Given the previous association of FGF4 retrogenes with skeletal dysplasia, 

FGF4L4 genotype was also compared to height at the withers in 24 Border Terriers using 

multiple linear regression. The regression analysis identified no significant association between 

FGF4L4 and height in Border Terriers (p = 0.877, n = 24), although only one homozygous wild 

type individual was included (Supplemental Figure S3).  



 

 

 

 

Figure 1 Comparison of the six full length FGF4 retrocopies identified in domestic dogs. From left to right, the letters with colored 

arrowheads represent variants within the 3′ UTR of the FGF4 gene at genomic locations CFA18:48,415,400A>C; 

CFA18:48,415,405C>A; CFA18:48,415,585A>G; CFA18:48,415,608T>C; CFA18:48,415,661G>A; and CFA18:48,416,537G>A. SNV 

colored in blue represent non-reference alleles. ORF, open reading frame.
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FGF4L5 was not identified in any other Shetland Sheepdogs (n = 58) or Belgian Malinois 

(n = 14). Australian Shepherds (n = 19) and Anatolian Shepherd dogs (n = 5) also tested negative 

for FGF4L5. No additional Dutch Shepherd samples were available for population genotyping of 

FGF4L5 in the breed. FGF4L6 was tested in 14 red wolf samples, 5 of which were heterozygous 

(allele frequency 15.6%). 

Pit Bull Terriers and Pit Terrier Mixes were then tested for FGF4L7 (n = 201), and all 

tested negative for the retrocopy. Because FGF4L7 was identified in dogs treated for IVDD and 

could be contributing to the disorder, all mixed breed dogs from the Bannasch Canine 

Repository that had been treated surgically for IVDD were also tested for FGF4L7 (n = 55), all of 

which tested negative. However, two discordant reads mapping to the FGF4L7 were 

subsequently identified in the whole-genome sequence data of a single Chinese village dog 

(SRR7107669). Several breeds developed in Asia were then tested for FGF4L7, including Chow 

Chow (n = 22), Pugs (n = 9), Pekingese (n = 8), and Tibetan terriers (n = 6), none of which tested 

positive. However, FGF4L7 was identified in Chinese Shar-Pei (n = 22, allele frequency 34.1%). 

DISCUSSION 

Multiple recently transposed FGF4 retrocopies exist in canids in addition to the 

previously identified FGF4L1 and FGF4L2. Novel retrocopies appear to be breed or breed group 

specific, contain intact ORFs, and have not accrued mutations that differentiate them from 

parental FGF4 gene haplotypes. The FGF4 retrocopies were retrotransposed from FGF4 genes 

with distinct haplotypes, indicating that the same copy has not been retrotransposed multiple 

times. It is unclear whether any of these novel copies are expressed retrogenes, or in what 



 

62 

 

tissue types they could be expressed. FGF4L7 was identified in three dogs treated surgically for 

IVDD, however, the significance relative to IVDD is unknown. The majority of IVDD surgical 

cases examined in this study that were not explained by FGF4L2 were found to have no FGF4 

retrocopies, indicating that there are risk factors other than FGF4 retrocopies that predispose 

dogs to IVDD. 

Evidence for the expression of both FGF4L1 and FGF4L2 has indicated that the FGF4 

retrocopies are capable of expression 14,15. The 5′ end of the FGF4 gene is GC-rich and contains 

many evolutionarily conserved transcription factor binding sites that were previously 

hypothesized to be conducive towards expression of the retrocopies 15. Thus, the 5′ end 

truncation of the FGF4L3 retrocopy likely affects expression. It has also been reported that the 

expression of retrocopies is highly dependent on the genomic environment of the insertion 

sites 31. Both FGF4L1 and FGF4L2 have inserted into regions containing nearby evolutionarily 

conserved elements (ECRs). Similarly, ECRs at all but one of the FGF4 retrocopy insertion sites 

may be conducive towards expression. The different genomic context at the insertion sites for 

FGF4L1 and FGF4L2 could also explain the different phenotypes between the copies. If 

expressed, the novel FGF4 retrocopies may show unique expression profiles, resulting in 

phenotypic associations other than height and IVDD. FGF4 is involved in several cellular 

processes including cell growth, tissue repair, tumor growth and invasion, and is also a well-

known proto-oncogene 32,33. 

Although FGF4L2 has been shown to have a major association with IVDD 15,19,34, clinically 

significant IVDD has been reported in dogs lacking the FGF4L2 retrogene, implicating alternate 

causative factors 19. Additional FGF4 retrogenes are logical candidates for these FGF4L2 
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negative IVDD cases, however the additional FGF4 retrocopies identified in this study do not 

appear to provide a compelling explanation for this group of dogs owing to the limited 

frequency of the retrogenes in affected animals. Although FGF4L7 was identified in three dogs 

treated surgically for IVDD, it was not seen in any other breeds in the surgically treated data 

set, and the breed with the highest identified allele frequency (Shar-Pei; 0.341) is not known to 

be among the breeds highly predisposed to IVDD 35. Similarly, clinical IVDD is uncommon in 

Border Terriers and Norfolk Terriers, which had the highest allele frequency of the FGF4L4 

retrogene. Interestingly, FGF4L7 inserted 5 Mb downstream from the HAS2 gene, a gene that 

has been implicated in the Shar-Pei wrinkled skin phenotype as well as Familial Shar-Pei Fever 

36. Strong selection in this region of the genome in Shar Peis could explain the high allele 

frequency of FGF4L7 in the breed. 

While FGF4L4 was not found to be associated with height in Border Terriers, the 

majority of Border Terriers tested had either one or two copies of FGF4L4, and only one 

individual with 0 copies was identified. If the retrocopy has a dominant effect on height in the 

breed, more homozygous wild type individuals will need to be measured to determine any 

effect. FGF4L4 was also found at low allele frequencies in other related terrier breeds, including 

the Skye, Norwich, and Norfolk Terriers, and may have originated in a common progenitor to 

the terrier breed group. As dog breeds are known to be highly inbred 37,38, a high allele 

frequency alone does not indicate selection, as it could be the result of random genetic drift 

followed by decreasing genetic diversity, as characterizes purebred dogs. Interestingly, FGF4L1 

is also very common in Norwich and Norfolk Terriers 14, and the Skye Terriers used in this study 
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were homozygous for both FGF4L1 and FGF4L2, making them the first breed to be identified 

with three FGF4 retrocopies. 

All the FGF4 retrocopies in canids appear to have been very recently retrotransposed 

with no new mutations differentiating them from the parental FGF4 gene. Even the red wolf 

FGF4 retrocopy, FGF4L6, is nearly identical to the red wolf specific FGF4 haplotype. Dating the 

FGF4 retrocopy insertions is difficult owing to their short length (3.2 kbp) and sequence identity 

to the parental gene sequence; however, the FGF4 retrocopies are identical to canine-specific 

FGF4 gene haplotypes, which are distinct from modern wolf FGF4 haplotypes (Supplemental 

Table S5). This could indicate that the dog retrocopies occurred after domestication. Recently 

inserted, fully intact retrocopies such as the FGF4 retrocopies are very uncommon in reference 

genomes. Studies have found that less than 18% of the retrocopies in the human reference 

have a fully intact ORF, while only 1% of retrocopies share greater than 99% of their DNA 

sequence with their parental gene 31,39. However, these studies have focused on analyzing 

reference genomes, which miss polymorphic retrocopies that are more likely to be recent, such 

as the FGF4 retrocopies in canids, which are not found in CanFam3. It is possible that some 

unique aspects of the FGF4 gene increase its rate of L1 mediated retrotransposition. A search 

for FGF4 through a database of all retrocopies identified in over 40 mammalian reference 

genomes reveals that a squirrel (Ictidomys tridecemlineatus) and a hedgehog (Echinops telfairi) 

also have FGF4 retrocopies, although they are only 61.2% and 90.6% identical to the parental 

genes, indicating they are not recent 8, but it is unknown whether other species have 

polymorphic FGF4 retrocopies not found in their reference genomes. Another possibility is that 

L1 mediated gene retrotransposition in general is occurring more frequently in canids. If this 
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was the case, recent, polymorphic retrocopies may be more common in canids in a greater 

number of genes than just FGF4. 

While next generation sequencing allows for the detection of polymorphic gene 

retrocopies, they often go unidentified or misidentified by common variant calling methods 40. 

However, more careful analysis of discordant Illumina paired-end reads has shown they are 

more common than previously thought 41,42. As with FGF4L1 and FGF4L2, retrocopies of other 

genes may have phenotypic consequences. As such, the possibility of retrocopy insertions 

should be considered when scanning critical intervals for disease trait associations. Recently 

inserted gene retrocopies can result in overexpression of the parental gene product, resulting 

in gain of function, which could be deleterious 43. In this study, whole-genome sequence data 

were successfully used to identify novel, polymorphic retrocopies of the FGF4 gene; a similar 

approach could be generalized to all genes to identify other polymorphic gene retrocopies in 

canids. Similar to the FGF4 retrocopies, other polymorphic retrocopies may play an important 

role in both breed health and phenotypic variation across dogs. 

SUPPLEMENTARY MATERIALS 

The following are available online at https://www.mdpi.com/2073-4425/11/8/839/s1, 

Figure S1: Retrocopy discovery from whole-genome sequencing data; Figure S2: FGF4 

genotyping assay; Figure S3: Height in Border Terriers; Table S1: Breed list of whole-genome 

sequence files analyzed; Table S2: FGF4 retrocopy primers; Table S3: Breed list and FGF4 

retrocopy genotype results; Table S4: SRA accession numbers for canids with novel FGF4 

retrocopies; Table S5: SNV at the FGF4 gene locus in 722 canids. 
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ABSTRACT 

Gene retrocopies arise from the reverse transcription and insertion into the genome of 

processed mRNA transcripts. Although many retrocopies have acquired mutations that render 

them functionally inactive, most mammals retain active LINE-1 sequences capable of producing 
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new retrocopies. New retrocopies, referred to as retro copy number variants (retroCNVs), may 

not be identified by standard variant calling techniques in high-throughput sequencing data. 

While multiple functional FGF4 retroCNVs have been associated with skeletal dysplasias in 

dogs, the full landscape of canid retroCNVs has not been characterized. Here, retroCNV 

discovery was performed on a whole-genome sequencing dataset of 293 canids from 76 

breeds. We identified retroCNV parent genes via the presence of mRNA specific 30-mers, and 

then identified retroCNV insertion sites through discordant read analysis. In total, we resolved 

insertion sites for 1911 retroCNVs from 1179 parent genes, 1236 of which appeared identical to 

their parent genes. Dogs had on average 54.1 total retroCNVs and 1.4 private retroCNVs. We 

found evidence of expression in testes for 12% (14/113) of the retroCNVs identified in 6 Golden 

Retrievers, including four chimeric transcripts, and 97 retroCNVs also had significantly elevated 

FST across dog breeds, possibly indicating selection. We applied our approach to a subset of 

human genomes and detected an average of 4.2 retroCNVs per sample, highlighting a 13-fold 

relative increase of retroCNV frequency in dogs. Particularly in canids, retroCNVs are a largely 

unexplored source of genetic variation which can contribute to genome plasticity and which 

should be considered when investigating traits and diseases. 

INTRODUCTION 

Gene retrotransposition occurs when mRNA is reverse transcribed into DNA and 

inserted back into the genome, resulting in an intron-less copy of a gene referred to as a 

retrocopy or a processed pseudogene. This process is carried out in mammals by long 

interspersed nuclear element 1 (LINE-1 or L1) proteins acting in trans on cellular mRNA [1-3]. 

LINE-1 mediated retrotransposition results in the duplication of short (10-20bp) segments of 
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genomic DNA flanking the insertion, referred to as a target site duplications (TSD). Thousands of 

retrocopies have been identified in mammalian reference assembles, although the exact 

number varies by species and by annotation method applied [4,5]. Most of these reference 

retrocopies are the consequence of ancestral retrotransposition events, evidenced by the 

accumulation of mutations that differentiate the retrocopy sequence from that of the parent 

gene [5]. While these ancestral retrocopies tend to be fixed in a species [6-8], most mammalian 

genomes contain active LINE-1s capable of producing novel retrocopy insertions [9]. These more 

recent retrocopy insertions may not be fixed in a species, resulting in gene copy number 

variation between individuals, referred to as retro copy number variants (retroCNVs) 

[1,6,7,10,11]. While some of the retrocopies present in a reference genome assembly may be 

polymorphic in a species and thus reference retroCNVs, there are also non-reference retroCNVs 

which are not found in the assembly itself [6]. 

RetroCNVs are a type of complex structural variant that require specialized techniques 

for identification within whole genome sequencing (WGS) data [11]. When Illumina paired-end 

reads are aligned to a reference assembly, any reference retroCNV that is absent in an 

individual will appear as a deletion relative to the assembly. However, when an individual has a 

non-reference retroCNV, the reads coming from that retroCNV will align to the parent gene. 

Because the retrocopy lacks introns, discordant reads are observed aligning only to the exons of 

the parent gene. Discordant reads are also found at the 3’ and 5’ end of the gene mapping to 

the insertion site of the retroCNV. These two features can be used to identify non-reference 

retroCNVs from WGS data, with the “gold standard” in retroCNV discovery requiring 

identification of the parent gene and characterization of the insertion site [1,12]. Estimates of 
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gene retrotransposition rates have varied, although recent analyses using high coverage WGS 

data have identified 1663 retroCNV parent genes in populations of mice [12] and 503 in human 

populations [13], indicating that gene retrotransposition is a common occurrence. There is 

limited information about retroCNVs in dogs [14-16], however, short interspersed nuclear 

element (SINE) insertions, which are also mobilized in trans by LINE-1 encoded proteins in a 

manner similar to gene retrocopies, have been shown to be highly dimorphic in dogs [17,18]. 

While retrocopies have historically been referred to as processed pseudogenes and 

presumed to be nonfunctional, evidence has accumulated for retrocopy expression and 

functionality [12,19,20]. It has been argued that retroCNVs are likely to be deleterious based on 

negative selection in natural populations of mice [12], and consistent with this hypothesis, 

retroCNV in humans have been shown to be involved in cancer as well as neurodegenerative, 

mental or cardiovascular disorders [21]. In dogs, two recently inserted and expressed FGF4 

retrocopies are associated with dominant skeletal dysplasias [22,23]. Several additional FGF4 

retrocopies with no known phenotypic associations were also discovered, indicating that 

retroCNV formation may also be a common occurrence in dogs [16]. Artificial breed selection 

by humans could also increase the allele frequency of functional retroCNVs, as appears to have 

been the case with the FGF4 retroCNVs which are common in many breeds [24]. As such, 

analysis of the full landscape of retroCNVs in dogs could lead to interesting insights into 

retrocopy biology and may additionally help in identifying causative variants for phenotypic 

associations in dogs. The goal of this current study was to characterize the landscape of 

retroCNV in dogs by performing retroCNV discovery on a diverse dataset of canids and by 

further analyzing the retroCNV for evidence of function.   
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RESULTS 

RetroCNV Discovery 

We used high coverage WGS data from 293 canids (median coverage of 25.6×) aligned 

to the CanFam3.1 reference genome for our retroCNV discovery dataset (Supplemental Table 

S1). Our approach to retroCNV discovery was to first identify mRNA specific 30-mers, which are 

present in spliced gene sequences but absent from the CanFam3.1 reference assembly (Figure 

1A). These sequences are only found in genomic DNA when a non-reference retroCNV is 

present (Figure 1B). No mRNA specific 30-mers were identified from single exon genes 

(N=1574) or genes with recent retrocopies already present in the reference assembly (N=75). 

We identified mRNA specific 30-mers for 18,192 protein coding genes and 10,807 long non-

coding RNAs which were then used for retroCNV parent gene discovery. In total, 1870 putative 

retroCNV parent genes were identified in the 293 canid dataset based on the presence of these 

mRNA specific 30-mers. 
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Figure 1 RetroCNV discovery. (A) Discovery pipeline. (B) mRNA specific sequences are formed 

due to intron removal; these sequences are used to identify non-reference retroCNV parent 

genes in FASTQ reads from genomic DNA sequence. (C) Total non-reference retroCNV count 

seen in individual domestic dogs (average 54.1). (D) Number of detected retroCNV insertions 

with increasing resampling sample sizes in breed dogs. Subsample sizes were selected from 1 to 

210, with a step size of 10, and 100 replicates within each subsample. Bars represent standard 

deviation of the replicates at each subsample size, and the gray area shows the prediction of 

increasing the number of dogs beyond the number used in this study. (E) Number of detected 

retroCNV insertions with increasing resampling sample sizes in Golden Retrievers. Subsample 

sizes were selected from 1 to 25, with a step size of 5 and 100 replicates within each 

subsample. Bars represent standard deviation of the replicates at each subsample size.  
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In order to resolve the insertion site of non-reference retroCNVs (Supplemental Figure 

S1), we analyzed discordant paired-end reads. From the 1870 parent genes identified as having 

putative retroCNVs, insertion sites were resolved for 1911 total non-reference retroCNVs 

coming from 1179 parent genes (Figure 2A). Many (808/1911, 42.3%) insertion sites were 

located within the introns of other protein coding genes (Supplemental Table S2; Supplemental 

Figure S2). Of the 1179 retroCNV parent genes, 1150 were protein coding while 29 were 

lncRNA. Four of the previously identified FGF4 retroCNVs were successfully identified through 

our approach (Supplemental Table S2). The TSD was resolved for 1676 (87.7%) of the 

retroCNVs, and the median TSD length was 16bp. No insertion sites could be identified for 

retroCNVs derived from 691 of the putative retroCNV parent genes; however, 125 of these 

parent genes had discordant reads mapping between exons, which may indicate the retroCNV 

inserted into repetitive or unresolved regions of the CanFam3.1 reference genome 

(Supplemental Table S3). Further inspection revealed that 21 of the putative retroCNV parent 

genes had discordant reads mapping to satellite DNA, suggesting insertion of the retroCNV into 

a telomeric or centromeric region. Additionally, four parent genes (MITF, NME7, TXNDC12, and 

PPP2CB) that had discordant reads in all of the males and none of the females were identified, 

indicating that the retroCNVs were likely on the Y Chromosome, which is not represented in the 

CanFam3.1 assembly. 



 

77 

 

 

Figure 2 Circos plots highlighting the location of retroCNV parent genes and their insertion 

sites. Links are colored based on the chromosome of the parent gene. (A) All recent retroCNVs 

identified in canids with no retroCNV specific variants. (B) All retroCNVs of the GAP43 parent 

gene. (C) All retroCNV present in a single Golden Retriever (SRR7107792). (D) All retroCNV 

present in all (N=26) Golden Retrievers. In figures C-D, the thickness of the link represents how 

common the retroCNV is within the Golden Retriever dataset.  
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We also identified retrocopies which are present in the CanFam3.1 reference genome 

but missing in at least one of the 293 canids, which we refer to as reference retroCNVs. We 

identified 58 reference retroCNVs which were confirmed through visual analysis of aligned WGS 

data (Supplemental Table S4). Several reference retroCNVs were highly prevalent in dogs 

(>=70%) and rare in wolves (<=10%), including the reference retroCNV AKR1B1 (retro_cfam_63) 

which has previously been associated with domestication [25] as well as retroCNVs of MGST3 

(retro_cfam_35) and RPL27A (retro_cfam_145). 

We focused all subsequent analysis on the 1911 non-reference retroCNV with resolved 

insertion sites. A full matrix matching individual canids with retroCNVs is available in 

Supplemental Table S5. While 880 of the retroCNV parent genes only had one retroCNV 

insertion site identified, 338 retroCNV parent genes had multiple insertion sites identified, 

including genes such as GAPDH, which had 21 retroCNV insertions (Supplemental Figure S3; 

Supplemental Table S2). Most of the retroCNV parent genes (900/1179, 76.3%) had no 

retrocopies present in the CanFam3.1 reference assembly. Additionally, 231 retroCNV parent 

genes had no known retrocopies in any of the mammalian reference genome assemblies, 

including GAP43, which had 18 retroCNV insertion sites identified in canids (Figure 2B; 

Supplemental Table S2). 

Table 1 highlights some aspects of the non-reference retroCNVs by population. Dogs 

with an assigned breed, which we refer to as breed dogs, had 54.1 non-reference retroCNVs on 

average (95% CI 52.5-55.7) (Figure 1C). Within the 227 breed dogs, there were 325 private 

(unique to an individual dog) retroCNVs, or 1.4 per breed dog on average (95% CI 1.2-1.7), while 

the 43 free ranging dogs had 214 private retroCNVs and 5.0 each on average (95% CI 4.0-6.0). 
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Most non-reference retroCNVs were identified in a small number of dogs and at a low allele 

frequency in the entire population (Supplemental Figure S4). There were also 689 retroCNVs 

exclusive to breed dogs, 247 retroCNVs exclusive to the 18 wild canids, and 197 retroCNVs 

exclusive to the three African wild dogs (Table 1). We also observed that individuals which were 

sequenced at higher depth tended to have more retroCNV insertion sites resolved 

(Supplemental Figure S5). While samples at greater than 30× coverage had an average of 57.9 

retroCNVs (95% CI 56.2-59.6), samples between 10× and 30× coverage had 54.8 (95% CI 52.3-

57.3) and samples less than 10× coverage had 40 (95% CI 35.2 to 44.8) on average. 

Population 
Total 

retroCNV 
Average 

retroCNV 
Private 

retroCNV 
Exclusive 
retroCNV 

Breed dogs (N=227) 1165 54.1 325 689 

Free ranging dogs (N=43) 705 56.6 214 254 

Dingoes (N=3) 85 55.3 9 13 

Wolves (N=10) 354 71.5 144 185 

Coyotes (N=5) 104 33.8 31 49 

African wild dogs (N=3) 214 173.0 44 197 

Table 1 Population summary of non-reference retroCNVs. Private refers to retroCNVs unique to a 

specific individual, while exclusive refers to retroCNVs unique to a specific population.  

RetroCNV specific gene variants 

To estimate how recently the retroCNVs inserted, we identified variants which occurred in the 

retroCNV after insertion through the analysis of variants at the parent gene locus. Most retroCNV had 

not acquired any new variants after insertion, as retroCNV specific variants were only identified in 

153/1390 (11.0%) of the retroCNVs analyzed, and only 8/1390 (0.6%) retroCNV had high impact 

mutations (Supplemental Table S6). Highlighting their more recent origin, only 92/1212 (7.6%) of the 

dog exclusive retroCNV had any retroCNV specific variants, while 61/178 (34.3%) of the retroCNV which 

were shared across canids had retroCNV specific variants.  
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Resampling 

We expected that more retroCNVs may be detected in even larger datasets. To test this, 

we performed random resampling of individual breed dogs. While we identified 1140 

retroCNVs in the 227 breed dogs, extrapolation from random resampling indicated that we 

would expect to identify over 1300 retroCNVs in a dataset of 400 breed dogs (Figure 1D). We 

similarly performed resampling within Golden Retrievers and observed that smaller sample 

sizes (N=26) can sufficiently capture the majority of retroCNVs within a single breed (Figure 1E; 

Figure 2C,D). Resampling within the free ranging dogs indicated that a large number of 

retroCNVs remain to be discovered, highlighting the heterogeneous nature of the free ranging 

dogs (Supplemental Figure S6). 

RetroCNV Validation 

We expected that some of the non-reference retroCNVs, while absent from the 

CanFam3.1 reference genome assembly, would be present in the alternative canid genome 

assemblies. This would confirm them as true retroCNVs and validate our discovery method. To 

test this, we first applied our retroCNV discovery pipeline to Illumina WGS data generated from 

four canids that have been used to create alternate canid reference assemblies, and identified 

248 non-reference retroCNVs (Table 2). We then directly confirmed the presence of 173 of the 

248 (69.8%) retroCNVs within their respective assemblies (Supplemental Table S7). We also 

identified the insertion site for 6 retroCNVs which had not been resolved through discordant 

read mapping (Supplemental Table S7). Most of the retroCNVs were full length with respect to 

the parent genes, with 153/179 (85.5%) containing the entire parental gene coding sequence. 
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Genome assembly involves the collapsing of heterozygous haplotypes, a process which 

could have resulted in heterozygous retroCNVs being excluded from the assembly sequence 

[26]. Therefore, we also analyzed PacBio long read data from each sample aligned to the 

CanFam3.1 assembly for evidence of retrocopy insertions (Supplemental Data S1). We found 

evidence for 236/248 (95.1%) of the retroCNVs within the long read data (Supplemental Table 

S8). A poly(A) tail 10bp or larger was observed in 211/236 (89.4%) of the retroCNVs, with 

median length of 29bp. A TSD was identified for 218/236 (92.4%) of the retroCNVs, with 

median length of 14bp. Overall, 244/248 (98.4%) of the retroCNVs were validated either within 

their respective genome assembly or in the long read data (Table 2). 

Assembly Predicted retroCNV RetroCNV in assembly RetroCNV in assembly or PacBio 

UMICH_Zoey_3.1 49 33 47 

UU_Cfam_GSD_1.0 59 41 59 

Canfam_GSD 60 41 59 

CanLup_DDS 80 58 79 

Total 248 173 244 

Table 2 Analysis of RetroCNVs in alternative canid genome assemblies. 

We also developed PCR assays for nine of the predicted retroCNVs and validated them 

through Sanger sequencing (Figure 3A). In individuals positive for the retroCNV, we observed a 

poly(A) tail at one end of the insertion site and the 5’ gene sequence of the retroCNV parent 

gene on other end of the insertion site (Figure 3C), which matched the expectation from the 

discordant reads and confirmed the presence of a retrocopy. For each retroCNV sequenced, the 

TSD was identified as the duplicated genomic sequence present at both ends of the insertion 

(Figure 3C, Supplemental Table S9). The TSD identified through Sanger sequencing for these 

nine retroCNVs matched the predicted TSD from the discordant reads. We additionally 

identified dogs lacking the retroCNVs (Figure 3B), confirming the retrocopies as polymorphic 
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insertions. The list of retroCNVs validated through PCR and Sanger sequencing and the 

associated breeds is available in Supplemental Table S9. 

Figure 3 RetroCNV validation. (A) Primer design for retroCNV genotyping, with CCNG1L1 as an example. 

When CCNG1L1 is present, the EXT_F and INT_R primers produce a 333bp product at the 5’ junction and 

the INT_F and EXT_R primers produce a 400bp product at the 3’ junction. When the retrocopy is absent, 

the EXT_F and EXT_R primers produce a 175bp product. (B) Three-primer PCR results for CCNG1L1 at the 

5’ and 3’ junctions for individuals with 0, 1, and 2 copies of CCNG1L1. The two external primers EXT_F 

and EXT_R are included in both reactions as well as one of the internal primers, INT_F (5’ Junction) or 

INT_R (3’ Junction). (C) Sanger sequencing results for the CCNG1L1 retroCNV. The TSD is identified as the 

genomic sequence from the insertion site which is present at both the 5’ and 3’ ends of the retroCNV.   
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RetroCNV selection and expression 

We calculated a fixation index (FST) for the retroCNV across breed clades [27] and 

identified 97 retroCNVs which had significantly elevated FST (see methods). This included the 

two previously identified FGF4 retroCNVs (Table 3; full list and clade distribution Supplemental 

Table S10, S11).  

RetroCNV FST Insertion site Total dogs Insertion site gene 

NDUFAF4L1 0.484 Chr2:6242423-6242444 5 LOC111091106 

FGF4L2 0.439 Chr12:33710166-33710178 16 - 

RHEBL1 0.430 Chr9:27506566-27506581 4 CA10 

RPS2 0.430 Chr8:5138945-5139948 155 - 

S100PL4 0.413 Chr34:34324611-34324631 13 - 

PREPL1 0.403 Chr8:7565459-7565475 5 - 

ARHGAP5L1 0.399 Chr5:18750413-18750430 9 - 

RPS16L1 0.399 Chr3:26720828-26720840 9 - 

ARPC1BL1 0.398 Chr14:34916675-34916690 5 - 

NAA20L1 0.395 Chr18:34191916-34191933 9 KIAA1549L 

RESTL1 0.388 Chr12:36658275-36658284 13 COL12A1 

NAP1L1L2 0.365 Chr17:29923085-29923100 7 LOC102154187 

NAP1L1L3 0.358 Chr18:49079285-49079285 11 IGHMBP2 

C16orf87 0.350 Chr22:35188887-35190448 113 C22H16orf87 

FAM133BL4 0.348 Chr29:31980926-31981012 8 CA2 

RPL10L1 0.348 Chr3:32009305-32009323 8 NIPA1 

ST13 0.342 Chr1:55086310-55087949 107 UNC93A 

LSM2L1 0.341 Chr22:35508014-35508030 13 - 

FGF4L1 0.337 Chr18:20443708-20443726 15 - 

EIF4BL3 0.336 Chr18:16670414-16670429 14 RELN 

Table 3 RetroCNVs with the highest FST between breed clades.  
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To determine if the retroCNVs showed evidence of expression, we first performed WGS 

and retroCNV discovery in six Golden Retrievers, and then RNA-seq using testes from the same 

6 Golden Retrievers. There were 113 total non-reference retroCNVs identified in the six 

individuals. RetroCNV specific variants were present in 24 of the 113 retroCNVs, allowing for 

the distinction between parent and retroCNV derived transcripts and confirmed the expression 

for two retroCNV. Among the retroCNVs which had inserted within the introns of another gene, 

chimeric reads between retroCNV parent gene and a gene at the insertion site were observed 

in 4/42. This included the COILL2 retroCNV, which is inserted within the 5’ UTR of 

LOC100686934, producing a novel chimeric transcript in two of the six Golden Retrievers 

(Supplemental Figure S7). However, five of the 42 insertion site genes were not sufficiently 

expressed in testes (<1 transcript per million in all samples) to allow for the evaluation of 

chimera formation with the retroCNVs. Additionally, discordant reads mapping to the parent 

gene loci were observed at 11 of the insertion sites. Overall, at least one form of evidence for 

expression was observed for 12.4% (14/113) of the retroCNVs in 6 Golden Retriever testes 

(Supplemental Table S12). The expressed retroCNV FARSBL1 was present in 60% of all dogs and 

only a single wild canid. 

RetroCNV discovery in humans 

To determine the rate of retroCNV occurrence in another species for comparison, we 

performed retroCNV discovery in 78 individuals from 26 populations using The 1000 Genomes 

Project Consortium phase 3 high coverage dataset [28,The 1000 Genomes Project Consortium 

29]. We resolved insertion sites for 46 non-reference retroCNVs from 44 parent genes in the 78 

samples (Supplemental Table S13). Of the 44 retroCNV parent genes, 40 have been previously 
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identified in human datasets, while 34 of the 46 retroCNV insertion sites had been previously 

identified. A full analysis of which human retroCNVs have been identified in previous studies is 

available in Supplemental Table S14. Individuals in this dataset had 4.2 retroCNVs on average 

(95% CI 3.9-4.6). 

Rate of retroCNV formation in canids 

We observed a total of 214 non-reference retroCNVs in the three African wild dogs 

(Lycaon pictus), which had 173 retroCNVs each on average. Most of these retroCNVs were 

private to the African wild dogs, and only 17 retroCNVs were shared between the African wild 

dogs and any other canid, indicating that most of the retroCNVs identified in either species 

inserted after the species had diverged. Similarly, we identify 194 retroCNVs that are exclusive 

to grey wolves and 1010 retroCNVs exclusive to breed dogs. Genetic analyses have indicated 

that domestication in dogs occurred around 25,000 years ago, while breed formation largely 

occurred within the last 200 years [30]. If the 1010 breed dog specific retroCNVs inserted after 

domestication, we can estimate the rate of retroCNV accumulation at approximately four per 

100 years. Alternatively, within our dataset of Golden Retrievers (N=26), we identify 10 

retroCNVs that are exclusive to the breed and not found in any other breed dogs or canids. 

Since the Golden Retriever breed was formed roughly 200 years ago, 10 Golden Retriever 

exclusive retroCNV would indicate a similar rate of retroCNV accumulation at five per 100 

years.  
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DISCUSSION 

Previous analyses of canid retrocopies have focused on those retrocopies present in the 

CanFam3.1 reference assembly, which was produced from a single dog [5,14,31]. In this study we 

characterized a rich landscape of retroCNVs in canids, consistent with an active LINE-1. By 

applying a novel approach to retroCNV discovery on a diverse dataset of 293 canids, we 

identified 1911 retroCNVs, most of which had inserted recently. Domestic dogs have 54.1 non-

reference retroCNVs each on average, and, as many of the retroCNV are private to a single 

individual, we also expect to find additional retroCNVs in larger discovery datasets. We 

observed many retroCNV that appear under selection, and that even within a single tissue type, 

12% of the retroCNVs were expressed or forming novel chimeric transcripts with nearby genes, 

indicating that some of the retroCNVs may have functional and phenotypic consequences in 

canids. 

Our approach to retroCNV discovery successfully resolved a large number of retroCNV in 

canids. In humans, previous studies using low-coverage WGS datasets have underestimated the 

rate of retrocopy insertion [1]. When long-read assemblies were analyzed, the estimated rate of 

retroCNV formation in humans was increased from 39 events per 939 individuals to 40 events 

per 22 individuals, or 4.1 per individual on average [26]. Similar to the analysis by Feng and Li, 

we found that humans had on average 4.2 retroCNV insertions using our discovery method, 

which identified 46 total retroCNV insertions in 78 human genomes. While most of the 

retroCNV parent genes have been reported in previous analyses of human genomes, 8 of the 

insertion sites have not been previously identified [13]. Previous analysis of canine SINEs, which 

are also mobilized via LINE-1 proteins acting in trans, highlighted a rate of SINE insertions 10 to 



 

87 

 

100-fold higher than that observed in humans [18]. While phenotypic associations with 

retroCNV are rare, SINE and LINE-1 insertions are a significant source of phenotypic variability 

in dogs, being responsible for 10% of the phenotype associated variants identified to date 

(Online Mendelian Inheritance in Animals, OMIA. Sydney School of Veterinary Science, 

3/29/2022. World Wide Web URL: https://omia.org/). Whereas in humans, transposable 

elements are responsible for only 0.27% of all disease mutations [32]. In a recent analysis of the 

CanFam3.1 and UMICH_Zoey_3.1 reference assemblies, 16,221 dimorphic SINE and 1,121 

dimorphic LINE-1 were identified, which represented a 17-fold increase in SINE differences and 

an 8-fold increase in LINE-1 differences compared to the number found in humans [17]. 

Domestic dogs, at 54.1 retroCNVs on average, also have a 13-fold increase in retroCNVs relative 

to humans, data which is consistent with either a highly active or a highly promiscuous LINE-1 in 

dogs. We also identified 231 retroCNV parent genes that have no known retrocopies in any 

other mammalian species, which might indicate that canine LINE-1 proteins are less selective. 

Among these retroCNV parent genes was GAP43, which had 18 retroCNV insertions and which 

may have implications in cognitive function in dogs [33]. 

In this study, we only considered retroCNVs with identifiable insertion sites as valid, 

although we provide evidence for the presence of 125 additional retroCNVs with unresolved 

insertion sites. Our method of retroCNV parent gene discovery also cannot identify single exon 

genes or genes with recent retrocopies present in the CanFam3.1 reference assembly. Still, we 

estimated the rate of retroCNV formation in domestic dogs at around four retroCNVs per 100 

years, which is still an underestimate as our dataset of 228 breed dogs does not capture every 

retroCNV in the entire population. A recent analysis of retroCNVs in mice estimated their rate 

https://omia.org/
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of retroCNV formation at two per 100 years [12]. This would indicate that domestic dogs have a 

rate of retroCNV formation even 2x greater than mice, which are known to have a large number 

of active LINE-1s [9] and have been shown to have 5-fold as many retroCNVs as humans [7]. In 

natural populations of mice, however, retroCNVs were also shown to be under negative 

selection due to deleterious effects, where retroCNVs are quickly removed from the population 

[12]. Also, in human populations, retroCNV insertions are not found in evolutionarily conserved 

regions, which indicates that highly deleterious retroCNVs are under negative selection [13]. We 

observed that many retroCNVs appear to be under positive selection in dogs, with significantly 

elevated FST values. Like the FGF4 retrogenes, other retroCNVs may be under positive selection 

by breeders due to their phenotypic effects [24], although they may also be neutral variants 

whose frequencies differ due to the dynamics of breed formation and low genetic diversity 

within breeds [34]. 

While gene retrocopies were historically considered nonfunctional pseudogenes, more 

recently it has been recognized that retrocopies, which are a form of structural variant, are 

often functional through a variety of mechanisms which have been explored in recent reviews 

[20,21]. We found evidence for expression in 14 out of 113 retroCNVs in testes tissue from six 

Golden Retrievers, including four novel chimeric transcripts. However, this is likely an 

underestimate due to our use of a single tissue type for transcriptional assessment. 

Additionally, many of the retroCNVs were indistinguishable from their parent genes and thus 

cannot be effectively queried for evidence of expression through RNA-seq analysis alone. 

Comparison of overall gene expression in larger RNA-seq datasets including individuals with and 

without specific retroCNVs may be required to determine expression of retroCNVs which are 
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identical to their parent genes. When such analyses were performed in mice, differences in 

retroCNV parent gene expression were found between individuals with and without the 

respective retroCNV, including many cases where overall expression was significantly reduced 

in the individuals with the retroCNV [12]. Our data confirms that the AKR1B1 reference 

retroCNV, which has previously been shown to be expressed and associated with dog 

domestication, is common in dogs while rare in wolves [25]. Similarly, the MGST3 and RPL27A 

reference retroCNVs and the expressed FARSBL1 retroCNV are both common across dogs while 

rare in wild canids and may play roles in domestication. AKR1B1, MGST3, and FARSB are also 

involved in metabolism [35,36], while the RPL27A retrogene is inserted within NCOA3, a 

coactivator of transcription involved in thyroid function [37]. 

The four Y Chromosome retroCNVs were present in all male canids and thus not true 

retroCNV, and their sequence deviation from their parent genes of origin indicates that they are 

likely ancestral. Two of the Y Chromosome retroCNVs had been previously identified through 

the identification of autosomal variants which were actually sex-linked and due to the retroCNV 

insertion [38]. In this study, we also identified variants at the retroCNV parent gene loci which 

are likely attributable to non-reference retroCNVs. These variants would normally be attributed 

to variation in the parent genes, potentially hindering any analyses looking for causative 

mutations; it’s noteworthy that some variants identified in the coding sequences of genes may 

in fact be attributable to non-reference retroCNVs elsewhere in the genome. 

Domesticated dog breeds have undergone artificial selection, which has led to extreme 

phenotypic diversity between breeds as well as breed predispositions to many heritable 

disorders [34,39-42]. In particular, many dog breeds are at a substantially higher risk for specific 
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cancers when compared to human populations [43]. We have shown that dogs have many 

retroCNVs, consistent with a highly active LINE-1, and we also observed that some retroCNVs 

are under selection or also capable of expression or insertional mutagenesis through the 

formation of novel chimeric transcripts with nearby genes. These functional retroCNVs are 

likely a contributing factor to the phenotypic diversity seen in canids and are also strong 

candidates for disease associations in dogs, including susceptibility to cancers. We hope this list 

of retroCNV insertion sites will be a useful resource for the canine research community and that 

further assessment of the retroCNVs for evidence of function will provide insight into the 

genetics of phenotypic traits under selection in dogs.  

METHODS 

Data Selection 

Illumina sequencing data aligned to the CanFam3.1 reference were downloaded from 

the sequence read archive [31]. The dataset included 227 dogs from 76 different breeds 

(referred to as ‘breed dogs’), 43 free ranging dogs (marked as either ‘village’ or ‘indigenous’ by 

the data provider), three dingoes, ten grey wolves, two red wolves, five coyotes and three 

African wild dogs. A full list of samples used in this study and their accession numbers is 

available (Supplemental Table S1). Ten samples were removed from the analysis due to a low 

number of retroCNV insertion sites being resolved, possibly due to the quality of the 

sequencing data. 

Parent gene discovery using mRNA specific 30-mers 
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The nucleotide sequence of a gene retrocopy resembles the processed mRNA transcript 

of its parent gene, with unique nucleotide sequences formed at the exon-exon junctions. These 

unique nucleotide sequences are only observed in genomic DNA when a retrocopy insertion is 

present, and thus can be used to identify the parent genes of retroCNVs from WGS data. We 

used Gffread [44] to obtain the spliced gene sequences for each gene transcript found in the 

NCBI CanFam3.1 annotation release 105). For each spliced gene sequence, we created a set of 

mRNA specific 30-mers that are absent from the CanFam3.1 reference assembly using Jellyfish 

count [45]. This identified all unique 30-mer sequences within the transcriptome that are absent 

from CanFam3.1 due to intron removal, giving a maximum of 29 mRNA specific 30-mers per 

exon-exon junction.  We attributed mRNA specific 30-mers from alternatively spliced gene 

transcripts to their respective parent gene. To reduce false positives due to sequencing errors, 

we filtered out 30-mers with an edit distance of two substitutions from the reference genome 

using mrsFAST [46]. We removed any gene which had <5 mRNA specific 30-mers from further 

analysis, which included 1,574 single exon genes and 75 genes with recent retrocopies in the 

CanFam3.1 assembly. In total, 5,884,280 30-mers from 30,792 genes (median per gene: 106) 

were retained for retrocopy parent gene discovery. WGS data were then queried for the 

presence of the mRNA specific 30-mers using Jellyfish. Genes which had at least five mRNA 

specific 30-mers and at least 10% of the total 30-mers for that gene identified were considered 

as putative retroCNV parent genes for further analysis.  

RetroCNV insertion site discovery through discordant read analysis 

Gene retrocopies are derived from processed mRNA transcripts and thus lack introns. 

When Illumina paired end reads containing retroCNV sequences are aligned to a reference 
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genome, they align to the parent gene locus, resulting in discordant read pairs which align only 

to the exons of the parent gene. Discordant read pairs can also be observed at the 5’ and 3’ 

ends of the parent gene, wherein one read aligns at the parent gene loci, while the other read 

aligns at the insertion site elsewhere in the genome. Discordant reads can thus be used to 

verify the presence of a RetroCNV as well as identify the insertion site. We performed 

discordant read analysis on aligned WGS data using TEBreak [47]. The “--disc_only” option was 

used to obtain a list of discordant read clusters of at least four reads (“--min_disc_reads 4”) 

mapping from a putative parent gene to elsewhere in the genome via “--disco_target”. Putative 

insertion sites for retroCNVs were visually confirmed in Integrative Genomics Viewer (IGV) [48] 

(Supplemental Figure S8). A retrocopy insertion site was considered valid if discordant reads 

were observed mapping to the same genomic locus from both the 3’ and 5’ end of the parent 

gene, or if discordant reads were found mapping from either the 3’ or 5’ as well as exon-exon 

discordant reads at the parent gene. Any discordant reads mapping from parent genes to 

known CanFam3.1 reference retrocopy insertion sites were ignored, as reference retroCNVs 

were analyzed separately. The TSD sequence was identified as the overlap between forward 

and reverse discordant reads at the insertion site. The 5’ and 3’ junction sequences for the 

retroCNV insertions were resolved using TEBreak and are available in Supplemental Table S15. 

Visual representations of retroCNV insertion sites were produced using Circos [49]. As has been 

proposed by Cheetham et al. (2020), rather than “pseudogene”, we chose a term which does 

not make functional inferences for the retrocopies: “like”, e.g. retrocopies of the FGF4 gene 

were labeled FGF4L1, FGF4L2, etc. 

CanFam3.1 reference assembly retroCNVs 
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We also examined retrocopies present in the CanFam3.1 assembly for evidence of being 

retroCNVs; an individual lacking a CanFam3.1 reference retrocopy would appear to have a 

deletion at those loci when aligned to CanFam3.1. A list of reference retrocopy locations was 

downloaded from RetrogeneDB [5]. The dataset of 293 canids previously aligned to CanFam3.1 

was analyzed using DELLY with default settings to identify structural variants within 1kb of 

reference retrocopies [50]. All deletions were confirmed visually in IGV. Additionally, aligned 

sequence data from a gray wolf and a coyote were visually analyzed in IGV at all recent canine 

RetrogeneDB retrocopy loci (>95% identity with parent gene) to identify any retroCNVs which 

may have gone undetected by DELLY.  

RetroCNV specific variant identification 

Sequence variants between a retroCNV and its parent gene sequence are either due to 

germline variants present within the parent gene, or new polymorphisms unique to the 

retroCNV which occurred after insertion, which we refer to as retroCNV specific variants. As all 

retroCNV derived reads align to the parent gene loci, we analyzed variants at the parent gene 

loci in order to identify retroCNV specific variants. We first identified variants at the retroCNV 

parent gene loci using BCFtools mpileup [51]. We then compare variant allele frequencies 

between individuals positive or negative for each retroCNV, and variants that only appeared in 

individuals with the retroCNV were considered unique to the retroCNV. RetroCNVs that were 

unique to wild canids were excluded from this analysis as the wild canids contained many 

unique variants that could not be easily differentiated between variation within the parent 

genes or the retroCNV sequences. RetroCNV which had multiple insertions from the same 



 

94 

 

parent gene were also excluded. Variant effect prediction was performed using the UCSC 

Genome Browser Variant Annotation Integrator tool [52]. 

RetroCNV validation 

We performed retroCNV discovery using Illumina data aligned to CanFam3.1 on four 

individuals which were previously used to generate additional dog genome assemblies: 

UMICH_Zoey_3.1 [17],  UU_Cfam_GSD_1.0 [53], Canfam_GSD [54], and CanLup_DDS [55]. We 

then assessed the presence of the retroCNVs within their respective assemblies using BLAST 

[56]. PacBio data was also examined for evidence of the retroCNV insertions. Individual long 

read FASTQ files were aligned to the CanFam3.1 reference with minimap2 version 2.17 [57]. 

Alignment files were sorted, merged, and indexed with SAMtools version 1.5 [51]. The predicted 

retroCNV insertion sites +/- 100bp were analyzed using a modified version of a pipeline 

designed to detect LINE-1 insertions in long read sequenced genomes. The pipeline extracts the 

raw long reads which align to a locus of interest and uses a combination of Canu and wtdbg2 to 

assemble the reads into contigs [58,59]. The contigs are then polished using Racon [60], aligned 

to the reference using minimap2 version 2.20 and put in orientation with the reference. Precise 

breakpoints were identified using with AGE [61]. We developed three primer PCR assays for 

retroCNVs using Primer3 software [62], with forward and reverse primers flanking the insertion 

site and internal primers at the 5’ or 3’ ends of the parent gene. A panel of 10 dogs from a 

breed identified as carrying each retroCNV were selected at random from a the Bannasch Lab 

DNA Repository for testing [24]. A list of the primers used in this study and their expected 

product sizes is available in Supplemental Table S16. Sanger sequencing was performed on an 
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Applied Biosystems 3500 Genetic Analyzer using a Big Dye Terminator Sequencing Kit (Applied 

Biosystems, Burlington, ON, Canada). 

Population analysis 

For FST calculations, dog breeds were placed into the multi-breed clades identified by 

Parker et al. [27]. Only clades containing individuals from at least three breeds were included in 

this analysis. Additionally, only three Golden Retrievers were selected at random to include in 

the retriever clade. FST between clades was calculated as described by Zhang et al. [13], 

including the calculation of a null distribution from 1,000 fake population sets generated 

through shuffling individual labels for significance estimates. RetroCNVs for which 1,000 fake 

population sets never produced an equal or higher FST than the real population were 

considered significant. 

WGS and RNA-seq 

Adult Golden Retriever testes were obtained from routine castration procedures. Tissue 

samples were flash frozen in liquid nitrogen and stored at -80˚C. Genomic DNA was extracted 

using a Gentra Puregene DNA extraction kit (Qiagen, Valencia, CA, USA), and RNA was extracted 

using an RNeasy Fibrous Tissue Mini Kit (Qiagen, Valencia, CA, USA). Library preparation and 

NovaSeq S4 Illumina paired end sequencing were performed at the UC Davis Genome Center. 

Reads were aligned to the CanFam3.1 reference assembly using minimap2 [57]. PCR duplicate 

reads were removed and the aligned files were sorted and indexed using SAMtools [51]. 

Evidence for chimeric transcripts in the RNA-seq dataset was found through visual analysis of 

the retroCNV insertion sites and nearby genes in IGV. Due to the small sample size and 
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heterogeneity of retroCNVs between individuals, evidence of expression was determined 

visually through examination of the insert site, the 5’ UTR of the parent gene, and insertion site 

genes for chimeric transcripts. For retroCNVs which contained any retroCNV specific variants, 

the parent gene loci were examined for evidence of the retroCNV specific variant which would 

indicate expression of the retroCNV. A minimum of two discordant reads was used to consider 

a retroCNV expressed.  

Human comparative analysis 

We performed retroCNV discovery in a subset of individuals from The 1000 Genomes 

Project Consortium high coverage phase 3 dataset [The 1000 Genomes Project Consortium 

29,63]. We selected 3 individuals from each of 26 human populations at random for this analysis 

(supplemental table 8) and used the GRCh38 annotation release 109.20210514 for 30-mer 

construction. We then performed retroCNV discovery in the same manner as was performed on 

the canid dataset, and compared the retroCNVs identified by our approach to those identified 

in a previous study that used the same individuals [13].  We compared the retroCNVs identified 

in this study to those retroCNV identified in the same 78 individuals by Zhang et al as well as 

retroCNV identified in four other studies which used different datasets [6,7,10,26]. 

DATA ACCESS 

The WGS and RNA-seq data generated in this study have been submitted to the NCBI 

BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) under accession 

PRJNA776905. The source code is available as supplemental material (Supplemental_Code.zip).  

The retroCNV insertion sites in bigBed format is available in the supplemental material. 
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ABSTRACT 

Pigment production and distribution is controlled through multiple genes, resulting in a 

wide range of coat color phenotypes in dogs. Dogs that produce only the pheomelanin pigment 

vary in intensity from white to deep red. The Poodle breed has a wide range of officially 

recognized coat colors, including the pheomelanin-based white, cream, apricot and red coat 

colors, which are not fully explained by the previously identified genetic variants involved in 

pigment intensity. Here, a genome-wide association study for pheomelanin intensity was 

performed in Poodles which identified an association on canine chromosome 18. Whole 

https://doi.org/10.1093/g3journal/jkac227
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genome sequencing data revealed an SNN retrocopy insertion (SNNL1) in apricot and red 

Poodles within the associated region on chromosome 18. While equal numbers of melanocytes 

were observed in all Poodle skin hair bulbs, higher melanin content was observed in the darker 

Poodles. Several genes involved in melanogenesis were also identified as highly overexpressed 

in red Poodle skin. The most differentially expressed gene however was GPR22, which was 

highly expressed in red Poodle skin while unexpressed in white Poodle skin (log2 fold-change in 

expression 6.1, P<0.001). GPR22 is an orphan G-protein coupled receptor normally expressed 

exclusively in the brain and heart. The SNNL1 retrocopy inserted 2.8kb upstream of GPR22 and 

is likely disrupting regulation of the gene, resulting in atypical expression in the skin. Thus, we 

identify the SNNL1 insertion as a candidate variant for the CFA18 pheomelanin intensity locus in 

red Poodles. 

INTRODUCTION 

In dogs, as with other mammals, coat color patterns are the result of varied production 

of the yellow-red pigment, pheomelanin, and the black pigment, eumelanin. While most dogs 

produce a mixture of both pigments, loss of function mutations in the pigment-type switching 

genes melanocortin 1 receptor (MC1R) and agouti signaling protein (ASIP) result in production 

of only one pigment type [1-3]. Among pheomelanin-based dogs, pigment intensity can vary 

greatly within and between breeds, from white to deep red [4]. Multiple genetic variants that 

modify pheomelanin pigment intensity have been identified in dogs, highlighting the complex, 

multigenic nature of coat color phenotypes. A missense variant in the MFSD12 gene and a copy 

number variant near KITLG have both been associated with pheomelanin intensity in a variety 

of breeds [5,6]. An across breed analysis of pheomelanin intensity that was published while the 
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current study was being performed identified that genetic variants at 5 loci explained 70% of 

pheomelanin intensity in dogs, which included the variants at MFSD12 and KITLG as well as 3 

novel loci on canine chromosomes (CFA) 2, CFA18 and CFA21 [7]. However, it is unclear how 

much each of the loci contribute to pheomelanin intensity within individual breeds.   

The Poodle breed has 3 size varieties (toy, miniature, and standard) and 11 coat colors 

that are officially recognized by the American Kennel Club, 4 of which are pheomelanin-based: 

white, cream, apricot, and red (www.akc.org). While the MFSD12 dilution variant was present 

in the white Poodles, it alone does not explain the range of pheomelanin intensity between the 

cream, apricot and red Poodles [5]. Additionally, the copy number variant near KITLG, which 

was associated with pigment intensity in the pheomelanin-based Nova Scotia Duck Tolling 

Retrievers and the eumelanin-based silver and black Poodles, was not found to be associated 

with pigment intensity between the pheomelanin-based white and red Poodles, indicating that 

additional genetic factors affecting pheomelanin intensity exist within the Poodle breed [6].  

In this study, the genetics of pheomelanin intensity was analyzed within a single breed, 

the Poodle. A quantitative genome-wide association study (GWAS) was performed and a single 

associated locus on CFA18 was identified. An SNN gene retrocopy insertion was then identified 

as the most likely causative variant behind pheomelanin intensity in Poodles.  

METHODS 

Sample collection 

Collection of all Poodle samples (N=225) was approved by the University of California, 

Davis Animal Care and Use Committee (protocol #18561). Breed, date of birth, sex, weight, and 
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color were reported by the owner. Owners provided whole blood or buccal swabs from their 

privately owned dogs (58 white, 17 cream, 3 apricot, 6 red) in collaboration with the Poodle 

Club of America Foundation (Grant #A182159001), and DNA was extracted using a Gentra 

Puregene DNA extraction kit (Qiagen, Valencia, CA, USA). Additional Poodle DNA samples from 

the Bannasch lab DNA repository at UC Davis were also included in the study (67 white, 9 

cream, 23 apricot, 42 red). RNA from 8 red and 9 white Poodles was extracted from neonatal 

canine dewclaw samples using an RNeasy Fibrous Tissue Mini Kit (Qiagen, Valencia, CA, USA). 

Genome wide association 

In order to perform a quantitative GWAS, Poodles were designated from 1 to 4 based on 

owner described coat color (also the AKC registered coat color), with white as ‘1’, cream as ‘2’, 

apricot as ‘3’ and red as ‘4’. Genome-wide SNV genotyping was performed on the Illumina 

Canine HD BeadChip array. All dogs were confirmed homozygous for the recessive yellow ‘e’ 

allele at MC1R with the exception of two cream Poodles which were heterozygous and thus 

excluded from further analysis [1]. Variants with a minor allele frequency of less than 5% or less 

than 90% total genotyping rate were excluded using PLINK, resulting in 163,753 total variants 

[8]. The Bonferroni corrected genome-wide significance threshold was set at P = 3.05 x 10-7. A 

multidimensional scaling plot showed that standard Poodles clustered separately from the toy 

and miniature Poodles, highlighting population stratification in the dataset (Figure S1). To 

control for this, the GWAS was performed using a univariate mixed model with a standardized 

relatedness matrix in GEMMA v.0.97 [9]. A similar GWAS using only the miniature and toy 

Poodles (N=57) was also performed using GEMMA. 
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Variant Detection 

Whole Genome Sequencing (WGS) data from standard Poodles (7 white, 1 apricot and 1 

red) were aligned to UU_Cfam_GSD_1.0 [10] using BWA v0.717 and converted to BAM files 

using samtools v1.14, both with default parameter settings [11]. Variant calling across the 

critical interval was performed using bcftools mpileup [12]. Based on the GWAS results, the 

assumed inheritance pattern was alternate homozygotes for the red and white Poodles and 

heterozygous for the apricot Poodle. The WGS samples were confirmed to match this pattern at 

the top four GWAS SNV. Variants were tested for function using the Ensembl variant effect 

predictor [13] with the UU_Cfam_GSD_1.0 annotation. Missense variants were tested for 

function using SIFT and Polyphen-2 [14,15]. The region was also analyzed for structural variants 

through visual analysis of the alignment files of a single red Poodle in comparison to a single 

white Poodle using Integrative Genomics Viewer (IGV) [16]. To maintain consistency with the 

variants reported from the GWAS, all genomic locations were reported as their location in the 

CanFam3.1 reference. 

Genotyping and Sanger Sequencing 

A three primer PCR assay was developed for genotyping SNNL1, with a forward and 

reverse primer flanking the insertion site and one primer internal to the retrocopy. Internal 

primers were then used for sequencing the entire retrocopy. Primers were also designed for 

genotyping the SLC26A4 chr18:12,910,382 C/T variant. All primers were developed using 

Primer3 software [17]. The primers used in this study are available in Table S1. Sanger 

sequencing was performed on an Applied Biosystems 3500 Genetic Analyzer using a Big Dye 
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Terminator Sequencing Kit (Life Technologies, Burlington, ON, Canada). Additional genotyping 

of SNNL1 from WGS data was performed visually in IGV. Samples which had no reads crossing 

either of the breakends at the insertion site were considered homozygous for the retrocopy 

insertion. 

Histopathological and immunohistochemical examinations 

Submitted skin samples from the dewclaws of a white Poodle (SNNL1 0 copies), a cream 

Poodle (SNNL1 1 copy), and a red Poodle (SNNL1 2 copies) were used for histopathological 

analysis. The samples were fixed in 4% buffered formalin, bisected and embedded in paraffin. 

Five-micron paraffin sections were used for both histopathology and immunohistochemistry. 

Presence of melanin granules within matrical cells of the hair follicles as well as within hair 

shafts was assessed by Fontana-Masson’s stain. Anti-Sox10 antibody (mouse monoclonal, 

Abcam Ref. ab212843), which recognizes cells of neural crest origin, was used to identify 

melanocytes among the matrical cells within hair bulbs of anagen hair follicles, which are 

actively forming a new hair shaft. For immunohistochemistry, sections were deparaffinized 

(xylene: 10 min 2x, followed by 100% ethanol: 1 min 3x, 95% ethanol: 1 min and 70% ethanol: 

1min), followed by quenching of endogenous peroxidase (500 ul 10% sodium azide; 500 ul 30% 

hydrogen peroxide in 50 ml PBS; 25 min at room temperature) and three rinses in PBS. Antigen 

retrieval was performed by immersing slides in preheated antigen retrieval solution (1x Dako 

Target Retrieval Solution; stock solution S1699, pH6 at 95 to 100oC; 5 min). Slides were then 

cooled down to room temperature and washed three times in PBS. After exposing slides to 10% 

horse serum in PBS (15 min), the anti-Sox10 antibody (mouse monoclonal, Abcam Ref. 

ab212843) was applied at a 1:100 dilution for one hour. After three rinses in PBS the following 
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steps were performed: 1) application of ImmPRESS HRP Horse Anti-Mouse IgG Polymer Reagent 

(Vector Cat.# MP-7402; 30 min), 2) thorough PBS rinses, and 3) addition of substrate (Vector, 

SK-4800). Development was monitored microscopically and reaction was stopped by immersing 

the slides in Milli-Q/distilled water. Counterstain in Gill’s Hematoxylin #2 (RICCA, 3536-16; 15-

30 s) was stopped by washing slides in running tap water. Slides were then cover-slipped using 

Shandon-Mount media (Thermo Scientific, 1900331). 

RNAseq analysis 

Poly(A) capture RNAseq Library preparation and NovaSeq S4 Illumina paired end 

sequencing were performed in three red and one white Poodle at the UC Davis Genome Center. 

RNAseq data was aligned to UU_Cfam_GSD_1.0 [10] using minimap v2.21 [18]. Alignment files 

were analyzed for evidence of chimeric transcripts using IGV. Batch 3’ TagSeq library 

preparation and HiSeq 4000 Illumina single end sequencing were performed on eight red and 

nine white Poodles at the UC Davis Genome Center. TaqSeq generates a single initial library 

molecule per transcript which is ideal for differential gene expression analysis [19]. Unique 

molecular identifiers were removed from the TagSeq data using UMI-tools [20], and reads were 

also trimmed to remove Illumina adaptors and polyA read through using bbduk [21]. Reads 

were aligned to UU_Cfam_GSD_1.0 [10] using STAR v2.7.9a [22]. The UU_GSD_1.0 annotation 

was used to perform gene counting with htseq-count [23]. Genes with overlapping 3’ UTR in the 

annotation resulted in reads not being counted due to ambiguity; therefore, the ‘--nonunique 

all’ option was used, which counts ambiguous reads to all overlapping features. Differential 

gene expression was performed using Limma-Voom [24] and is reported as log2 fold-change 

(FC) increase in expression in the red Poodles, where a negative FC indicates higher expression 
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in white Poodles. Genes which had fewer than 5 normalized read counts across all samples 

were filtered. Different individuals were used in the RNAseq and TagSeq analyses than those 

used for variant discovery in the WGS analysis.  

RESULTS 

Genome wide association for pheomelanin intensity in Poodles 

 To identify regions of the genome associated with pheomelanin intensity specific to 

Poodles, a quantitative GWAS was performed in white (N=51), cream (N=5), apricot (N=15) and 

red (N=8) Poodles (Figure 1A). A single locus on chromosome 18 reached genome-wide 

significance (Figure 1B). A Q-Q plot of expected and observed chi-squared values indicated that 

population stratification was successfully controlled for (λ=1.014; Figure S2). The top four 

associated variants, shown in table 1, were in near perfect LD. Analysis of linkage disequilibrium 

(LD) between the top associated SNV (chr18:16,968,786) and nearby variants revealed a large 

region of LD in Poodles (Figure 1C). To determine if population structure within the dataset was 

affecting the association, a separate GWAS using only the miniature and toy Poodles (N=57) 

was performed, which identified the same top four SNVs and confirmed the CFA18 association 

with pheomelanin intensity (Figure S3).  

CanFam3.1 
position 

Red 
Allele 

AF 
white 

AF 
cream 

AF 
apricot AF red PLRT 

chr18:16968786 G 0 0.200 0.500 0.722 5.11 x 10-23 

chr18:17006104 A 0 0.200 0.500 0.722 5.11 x 10-23 

chr18:12910382 T 0 0.100 0.500 0.722 6.59 x 10-23 

chr18:13022106 G 0 0.100 0.500 0.722 6.59 x 10-23 

Table 1: Top genetic markers associated with red coat color in Poodles (CanFam3.1). AF = Allele 

frequency of the red associated allele in each category. 
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Figure 1: Genome-wide association for red coat color in Poodles. (A) Owner provided 

photographs of a white, cream, apricot, and red Poodle. (B) Manhattan plot showing P values 

for likelihood-ratio tests calculated in GEMMA (λ=1.014). Bonferroni corrected Genome-wide 

significance is indicated by the solid red line. (C) The genome-wide significant region on 

chromosome 18 with nearby SNV colored based on linkage disequilibrium (r2) with one of the 

top associated SNV (chr18:16,968,786).  
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Whole genome sequencing analysis 

Variants within the interval of CanFam3.1 chr18:10-20mb were analyzed from WGS data 

in 9 standard Poodles (7 white, 1 apricot, 1 red). Out of 47,095 total variants identified, 5,603 

segregated by phenotype, including 4,834 SNV and 762 short indels. Variant effect prediction 

identified missense variants in 5 genes (Table 2), including a previously reported variant in the 

SLC26A4 gene (chr18:12,910,382 T>C) that was associated with pheomelanin intensity across 

breeds [7]. While the two missense variants in ARMC10 and GSAP were predicted to be 

deleterious by both SIFT and Polyphen-2, none of the missense variants affected genes known 

to be involved in any pigment pathways. Therefore, visual analysis of the aligned sequence data 

was also performed to identify larger structural variants. A cluster of discordant reads was 

observed in the red and apricot Poodles at approximately chr18:13,134,000-13,134,500 which 

mapped to the Stannin (SNN) gene locus (chr6:31,137,750-31,147,848), highlighting a putative 

retrocopy insertion (Figure 2A).   

CanFam3.1 
Location Gene 

Amino 
acid Codons dbSNP SIFT Polyphen-2 

chr18:12529314 LAMB4 G/E gGa/gAa rs852976135 Tolerated(0.44) Benign(0.035) 

chr18:12910382 SLC26A4 I/M atA/atG rs852750854 Deleterious(0.03) Benign(0.014) 

chr18:14468631 CDHR3 G/R Ggg/Agg rs22643100 Tolerated(0.42) Benign(0.011) 

chr18:17006104 ARMC10 F/C tTt/tGt rs853061060 Deleterious(0) Damaging(1.0) 

chr18:17469333 GSAP D/N Gat/Aat rs850968557 Deleterious(0) Damaging(1.0) 

Table 2: Missense variants identified in red Poodles.  
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Figure 2: An SNN retrocopy identified in red Poodles. (A) A discordant read cluster observed in 

IGV indicating the presence of an SNN retrocopy insertion in a red Poodle (top track) which was 

absent from white Poodles (bottom track). (B) The location of the SNNL1 retrocopy insertion 

within the syntenic region in humans. (C) Two external primers flanking the SNNL1 insertion 

and one internal primer are used to genotype SNNL1. When SNNL1 is present, a 475bp product 

is observed (a), while a 197bp product is observed when SNNL1 is absent (b). Heterozygous 

individuals have both bands (c).    
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SNN retrocopy analysis 

The putative SNN retrocopy was investigated using primers flanking the insertion site to 

PCR amplify the region in a red Poodle. Sanger sequencing confirmed the insertion as a full 

length SNN retrocopy (File S1), referred to here as SNNL1. SNNL1 is inserted within the intron of 

COG5 and 2.8kbp upstream of and in the same orientation as GPR22. The SNNL1 retrocopy 

sequence contains two SNV in the 3’ UTR (chr6:31,139,403 C>A and chr6:31,140,045 G>A), but 

is otherwise identical to the parent gene sequence. SNNL1 has a 3’ poly (A) tail approximately 

27bp in length, and a 17bp target site duplication (TGTGAAATACTGAAGTT) was also observed 

flanking the insertion, putting the exact insertion location at chr18:13,134,248-13,134,264. The 

syntenic region in humans for SNNL1 was viewed to determine its location relative to regulatory 

elements. SNNL1 inserted 2.8kb upstream of GPR22, nearby multiple predicted GPR22 

enhancers (Figure 2B). 

Genotyping SNNL1 and the SLC26A4 missense variant 

A three primer PCR genotyping assay was developed for SNNL1 (Figure 2C). The 

retrocopy was then genotyped in a larger dataset of white, cream, apricot and red Poodles to 

test the association with coat color (N=224). SNNL1 copy number was highly predictive of red 

coat color in the breed (adjusted R2=0.840, P=2.17x10-90) (Table 3). All (N=125) white Poodles 

had 0 copies of SNNL1, and all red Poodles (N=48) had at least one copy of SNNL1, with 38/48 

of them having 2 copies. Most (19/25) apricot Poodles had 1 copy of SNNL1. The allele 

frequencies were 0.096 in cream, 0.500 in apricot, and 0.896 in red Poodles, indicating an 

additive effect on pheomelanin intensity. The nearby missense variant in SLC26A4 



 

114 

 

(chr18:12,910,382 T>C) was also genotyped in the same set of dogs to access LD in the region, 

and the ‘C’ allele and the SNNL1 insertion were found to be in complete LD in the white, apricot 

and red Poodles, however, 1 cream Poodle was identified with 0 copies of SNNL1 that was 

heterozygous for the SLC26A4 variant. 

The linkage between the chr18:12,910,382 T>C variant and SNNL1 was further assessed 

in a publicly available WGS dataset [25]. The ‘C’ allele was observed in Tibetan Mastiffs, Chow 

Chows, village dogs, and a Xoloitzcuintli, Qingchuan and Chongqing dog (Table S2). SNNL1 was 

also genotyped in these same breeds through visual analysis of the aligned whole genome 

sequencing data, and while SNNL1 was in strong LD with chr18:12,910,382 T>C, 8 village dogs 

and 1 Tibetan Mastiff were identified that have the SNV but do not appear to have SNNL1, 

indicating that linkage between the two is incomplete (Table S2). Although Tibetan Mastiffs, 

Chow Chows, Xoloitzcuintli, Qingchuan and Chongqing dogs all have deep red pheomelanin 

segregating within the breeds, we did not have access to phenotype data for the dogs from the 

WGS to confirm any associations. 

Coat Color 
SNNL1 Copy number 

Total 
Allele 

frequency 0 1 2 

White 125 0 0 125 0.000 

Cream 21 5 0 26 0.096 

Apricot 3 19 3 25 0.500 

Red 0 10 38 48 0.896 

Table 3: SNNL1 copy number in white, cream, apricot and red Poodles.  
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Histopathological and immunohistochemical examinations 

Histopathological analysis was performed in skin tissue from a white (0 copies SNNL1), 

cream (1 copy SNNL1), and red (2 copies SNNL1) Poodle. Expression of Sox10, identifying 

melanocytes within the hair bulb, was observed in all Poodles irrespective of coat color or 

SNNL1 copy number (Figure 3 a,d,g). However, the white Poodle with 0 copies of SNNL1 lacked 

melanin within the hair bulbs and hair shaft cuticle (Figure 3 b,c). Some melanin was observed 

in a cream Poodle with one copy of SNNL1 (Figure 3 e,f), but melanin was most prominent in 

the red Poodles with two copies of SNNL1 (Figure 3 h,i). The equivalent melanocytes and 

differential melanin indicated that the red coat color was occurring due to an increase in 

pigment synthesis.  
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Figure 3: Presence of melanocytes within hair bulbs and melanin granules within matrical 

cells and hair shafts. Melanocytes were identified by the presence of SOX10, and melanin was 

identified by Fontana-Mason staining. White Poodle with zero copies of SNNL1: despite the 

presence of melanocytes (A) in the hair bulb, no pigment is noted in the matrical cells of the 

hair bulb (B) or the cuticle of hair shafts (C). Cream Poodle with one copy of SNNL1: in addition 

to melanocytes (D) in the hair bulb, there is fine melanin dusting of matrical cells of the hair 

bulb (E). The hair shaft cuticle contains melanin granules (F). Red Poodle with two copies of 

SNNL1: in addition to melanocytes (G) in the hair bulb, there is marked presence of melanin 

granules in matrical cells of the hair bulb with melanin pigment (H) as well as in hair shaft 

cuticle (I).  
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Gene expression analysis in Poodle skin 

Gene expression was analyzed in red and white Poodle skin. Poly(A) capture RNAseq 

was first performed in 3 red Poodles and 1 white Poodle to determine if SNNL1 was forming 

novel chimeric transcripts with the nearby genes GPR22 and COG5, and no novel chimeric 

transcripts were observed in any samples. Overall differences in expression were then analyzed 

in 8 red and 9 white Poodle skin samples using TagSeq (Table S3). Among the most highly 

overexpressed genes in the red Poodles were several genes involved in melanogenesis, 

including TYR, PMEL, MLANA, SLC24A5, and MC1R (Figure 4). Notably, among genes involved in 

the production of eumelanin, TYRP1 was not expressed in either red or white poodle skin, and 

no changes in expression were observed for DCT. The most differentially expressed gene in red 

Poodle skin was GPR22, which was unexpressed in the white Poodles and highly expressed in 

the red Poodles (FC 6.1; adjusted P=0.00042). SNN also had small but significantly increased 

expression in the red Poodle skin (FC 0.49; adjusted P=0.0315), as did COG5 (FC 0.41; adjusted 

P=0.0433). Among the genes with missense variants in the red Poodles, neither SLC26A4 nor 

CDHR3 had sufficient expression in either the red or white Poodle skin to allow for differential 

expression analysis. However, while low levels of differential expression were observed in 

LAMB4 (FC 1.2; adjusted P= 0.0024) and GSAP (FC -1.1; adjusted P=0.0006). GPR22, with a FC of 

6.1, was the only gene within the chr18:10-20mb interval that had greater than 2 FC in 

expression in the red Poodles.   
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Figure 4: Differential gene expression analysis in Poodle skin tissue. Various genes involved in 

pigment production were overexpressed in the red Poodles (N=8) compared to the white 

Poodles (N=9). GPR22 and SNN are also enriched in red Poodle skin.  
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DISCUSSION 

Here we report the discovery of a recent SNN gene retrocopy insertion (SNNL1) which is 

2.8kb upstream from GPR22 and is strongly associated with pheomelanin intensity in Poodles. 

SNNL1 was part of a large LD block in Poodles which was identified through quantitative GWAS 

of pheomelanin colors in Poodles. Missense variants in 5 genes were identified in red Poodles 

within this region, including a variant in SLC26A4 which had previously been reported as a 

candidate for pheomelanin intensity across breeds. However, SLC26A4 was not expressed in 

Poodle skin, whereas GPR22 was identified as the most differentially expressed gene between 

red and white Poodles. SNNL1, which has inserted just upstream of GPR22, appears to interfere 

with regulation of the gene, resulting in ectopic expression of GPR22 in skin tissue. This study 

implicates GPR22 as being involved in the pigment production pathway, and the misregulation 

of GPR22 via the insertion of SNNL1 is likely the causal genetic influence behind red coat color 

in the Poodle breed. 

Retrocopy insertions are a type of large structural variant which can be expressed 

directly, form chimeric transcripts with nearby genes, or otherwise interrupt the typical 

expression patterns of nearby genes [26]. The SNN retrocopy insertion, SNNL1, is a full length 

copy of the parent gene. Additionally, it has no coding sequence variants differentiating it from 

the parent gene sequence, indicating that it is likely a recent insertion. SNN codes for Stannin, a 

metal ion binding mitochondrial membrane protein which may be involved in response to toxic 

substance as well as cell growth and apoptosis [27,28]. No other SNN retrocopies are present in 

an across species database of reference genome retrocopies, indicating that SNN is not a 

commonly retrotransposed gene [29]. Interestingly, overall expression of SNN was also 
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increased in the red Poodles, which may indicate that SNNL1 is capable of expression. Notably, 

multiple recent FGF4 retrocopy insertions have also been reported in dogs, several of which are 

expressed and involved in skeletal dysplasias [30-32]. In red and apricot Poodles, the insertion 

of SNNL1 immediately upstream of GPR22 is likely affecting regulation of the GPR22 gene, 

resulting in its atypical expression in skin tissue. Structural variants, which include retrocopy 

insertions, have been identified as a major source of gene expression differences which often 

affect multiple nearby genes [33]. SNNL1 is inserted within an intron of COG5, and while no 

chimeric reads were observed between the genes, a small increase in expression was observed 

for COG5 in the red Poodle skin which may also be a consequence of the retrocopy. 

While several genes involved in pheomelanin intensity have been identified across dog 

breeds, the single-breed GWAS presented in this study only identified the CFA18 locus as 

significant within the Poodle breed. One of the top SNVs was a missense variant in SLC26A4 

which has previously been associated with pheomelanin intensity across dog breeds, where it 

was hypothesized to be the causative variant [7]. The researchers found that the CFA18 locus 

explained a relatively small percent of the total variance in pheomelanin across dog breeds 

(adjusted R2=0.047), whereas loci on CFA2 and CFA20 explained over 50% of the variance 

across breeds. However, when looking within a single breed, the Poodle, the CFA18 locus, 

identified herein as SNNL1, explained the majority of the variance between white, cream, 

apricot and red Poodles (adjusted R2=0.840). Notably, 70 out of 73 apricot or red poodles had 

at least 1 copy of SNNL1, while none of the 125 white Poodles tested had any copies of SNNL1. 

Only 19% of the cream poodles had 1 copy of SNNL1, while the rest had 0 copies. Likely other 

genes involved in pheomelanin intensity, such as the MFSD12 dilution variant, explain the 
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differences between white and cream coat colors [5]. Analysis of the SLC26A4 missense variant 

and the SNNL1 insertion in a larger whole genome sequencing dataset revealed that they are 

rare across breeds and were only observed in East Asian dog breeds and village dogs, such as 

Tibetan Mastiffs, Chow Chows, and, notable for their rich pheomelanin appearance, Qingchuan 

and Chongqing dogs. It’s possible that the CFA18 locus explains a relatively small proportion of 

the variance in pheomelanin intensity across breeds due to this breed exclusivity. Whereas, 

within breeds, SNNL1 may actually mask the effects of other genes involved in pheomelanin 

intensity. While the CNV upstream of KITLG was associated with pheomelanin intensity in Nova 

Scotia Duck Tolling Retrievers, the KITLG CNV was not significantly associated with pheomelanin 

intensity in Poodles, possibly due to the effects of SNNL1 within the breed [34]. 

Pigment production is canonically regulated through the MC1R-tmAC-MITF pathway, 

which induces changes in expression of pigment genes such as TYR, PMEL, MLANA, SLC24A5, 

TYRP1 and DCT [35,36]. The MC1R-tmAC-MITF pathway uses the second messenger molecule 

cyclic adenosine monophosphate (cAMP), and loss of function mutations in the MC1R gene lead 

to impairments in downstream cAMP signaling, resulting in impaired eumelanogenesis and the 

phenotype known as recessive yellow in dogs [1]. In addition to cAMPs role as a second 

messenger molecule in the MC1R-tmAC-MITF pathway, tyrosinase itself is also affected by 

cAMP; reduction in cAMP within the melanosome results in a higher melanosomal pH, leading 

to greater tyrosinase activity and increased melanogenesis [37]. The sex hormones estrogen 

and progesterone have been found to regulate melanin synthesis through the alteration of 

cAMP signaling, showing that external factors which affect cAMP concentrations can have a 

downstream effect on melanogenesis [38]. While the pheomelanin-based Poodles used in this 
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study were homozygous for the recessive yellow mutation in MC1R, several pigment genes 

were still observed to be highly overexpressed in red Poodle skin, including TYR, PMEL and 

MLANA, indicating upregulation of the melanogenesis pathway in red Poodles.  

Histopathological analysis in Poodle skin found that melanocytes were present within the hair 

bulbs of all Poodles, however melanin granules were present in high amounts in the red 

Poodles, consistent with an upregulation in pigment production in red Poodles. Notably, 

however, the main drivers behind eumelanogenesis, TYRP1 and DCT [39], were not 

overexpressed in the red Poodles, suggesting specific upregulation in pheomelanogenesis. 

While SLC26A4 was not expressed in either red or white Poodle skin, differential expression was 

observed in several other genes within the red Poodle associated region on chr18:10-20mb. 

However, the degree of differential expression observed in GPR22 was much higher than any 

other genes, and was more comparable to the differential expression observed in genes 

involved in the pigment production pathway. Most notably, a near identical increase in 

expression was observed for GPR22 and TYR (FC 6.05 and 5.96), which were also the top two 

most differentially expressed genes between red and white Poodle skin. 

GPR22 is an orphan G-coupled protein receptor with a highly restrictive expression 

pattern in the heart and brain [40]. While GPR22 knockout mice are viable and grossly 

indistinguishable from wild-type mice, they may be more susceptible to functional cardiac 

decompensation following aortic banding [40]. Deregulation of GPR22 within the zebrafish 

embryo lead to defects in left-right patterning and resulted in abnormal cilia structure and 

length, indicating a possible developmental role for GPR22 [41]. GPR22 has also been 

implicated in osteoarthritis in humans through GWAS [42,43]. While GPR22 was absent from 
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healthy cartilage, it was found expressed in damaged cartilage, and overexpression of GPR22 

was also shown to accelerate chondrocyte hypertrophy [44,45]. While the GPR22 ligand is 

unknown, overexpression of GPR22 in HEK-293 cells identified that the GPR22 protein signals 

through the G inhibitory pathway, resulting in inhibition of adenylyl cyclase and a reduction in 

cAMP [40]. The second messenger cAMP regulates numerous functions in melanocytes, and the 

abnormal expression of GPR22 in the melanocytes of red Poodles may have effects on 

pigmentation through this G inhibitory pathway. 

GWAS in dogs often succeed at identifying genomic regions, yet due to the extensive LD 

in dog breeds, it can be difficult to pinpoint causative mutations. In this study, several nearby 

missense variants within the pheomelanin associated region on chr18 could not be ruled out by 

segregation analysis alone. While the expression analysis in the skin was able to rule out the 

SLC26A4 and CDHR3 missense variants, further analysis including quantitative phenotyping in 

other breeds with the SNNL1 insertion such as Chow Chows and Tibetan Mastiffs may be 

required to rule out the other missense variants. Still, the differential expression analysis in 

Poodle skin highlighted the SNNL1 insertion and its effects on the expression of GPR22 as the 

likely causal mutation behind the red coat color phenotype in Poodles. Further analysis may 

also quantify the effects of SNNL1 on eumelanin based coat patterns, as the upregulation of 

numerous genes involved in melanogenesis observed in the red Poodles might indicate an 

effect on eumelanin as well. The identification of another recent, functional retrocopy insertion 

further serves to highlight the often complex nature behind genomic associations, and also 

shows that novel retrotransposition events continue to contribute to genomic and phenotypic 

diversity in dogs.  



 

124 

 

DATA ACCESS 

All sequencing data has been uploaded to the Sequence Read Archive under the 

BioProject accession PRJNA830895. A description of these files is available in Table S4. 

ACKNOWLEDGEMENTS 

We thank the Poodle owners for providing samples of their dogs. We also thank Cindy 

Paul, Lisa Ritson and Barbara Hoopes for photographs of their Poodles. 

CHAPTER 5 REFERENCES 

1. Newton, J.; Wilkie, A.L.; He, L.; Jordan, S.A.; Metallinos, D.L.; Holmes, N.G.; Jackson, I.J.; 
Barsh, G.S. Melanocortin 1 receptor variation in the domestic dog. Mammalian Genome 
2000, 11, 24-30. 

2. Kerns, J.A.; Newton, J.; Berryere, T.G.; Rubin, E.M.; Cheng, J.-F.; Schmutz, S.M.; Barsh, 
G.S. Characterization of the dog Agouti gene and a nonagoutimutation in German 
Shepherd Dogs. Mammalian Genome 2004, 15, 798-808. 

3. Berryere, T.G.; Kerns, J.A.; Barsh, G.S.; Schmutz, S.M. Association of an Agouti allele with 
fawn or sable coat color in domestic dogs. Mammalian Genome 2005, 16, 262-272. 

4. Sponenberg, D.; Rothschild, M.F. Genetics of coat colour and hair texture. The genetics 
of the dog 2001, 61-85. 

5. Hédan, B.; Cadieu, E.; Botherel, N.; Dufaure de Citres, C.; Letko, A.; Rimbault, M.; 
Drögemüller, C.; Jagannathan, V.; Derrien, T.; Schmutz, S. Identification of a missense 
variant in MFSD12 involved in dilution of Phaeomelanin leading to white or cream coat 
color in dogs. Genes 2019, 10, 386. 

6. Weich, K.; Affolter, V.; York, D.; Rebhun, R.; Grahn, R.; Kallenberg, A.; Bannasch, D. 
Pigment intensity in dogs is associated with a copy number variant upstream of KITLG. 
Genes 2020, 11, 75. 

7. Slavney, A.J.; Kawakami, T.; Jensen, M.K.; Nelson, T.C.; Sams, A.J.; Boyko, A.R. Five 
genetic variants explain over 70% of hair coat pheomelanin intensity variation in 
purebred and mixed breed domestic dogs. PloS one 2021, 16, e0250579. 

8. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; 
Sklar, P.; De Bakker, P.I.; Daly, M.J. PLINK: a tool set for whole-genome association and 
population-based linkage analyses. The American journal of human genetics 2007, 81, 
559-575. 

9. Zhou, X.; Stephens, M. Genome-wide efficient mixed-model analysis for association 
studies. Nature genetics 2012, 44, 821-824. 

10. Wang, C.; Wallerman, O.; Arendt, M.-L.; Sundström, E.; Karlsson, Å.; Nordin, J.; 
Mäkeläinen, S.; Pielberg, G.R.; Hanson, J.; Ohlsson, Å. A novel canine reference genome 
resolves genomic architecture and uncovers transcript complexity. Communications 
biology 2021, 4, 1-11. 



 

125 

 

11. Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. 
arXiv preprint arXiv:1303.3997 2013. 

12. Danecek, P.; Bonfield, J.K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; 
Keane, T.; McCarthy, S.A.; Davies, R.M. Twelve years of SAMtools and BCFtools. 
Gigascience 2021, 10, giab008. 

13. McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S.; Ritchie, G.R.; Thormann, A.; Flicek, P.; 
Cunningham, F. The ensembl variant effect predictor. Genome biology 2016, 17, 1-14. 

14. Adzhubei, I.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; 
Kondrashov, A.S.; Sunyaev, S.R. A method and server for predicting damaging missense 
mutations. Nature methods 2010, 7, 248-249. 

15. Ng, P.C.; Henikoff, S. SIFT: Predicting amino acid changes that affect protein function. 
Nucleic acids research 2003, 31, 3812-3814. 

16. Robinson, J.T.; Thorvaldsdóttir, H.; Winckler, W.; Guttman, M.; Lander, E.S.; Getz, G.; 
Mesirov, J.P. Integrative genomics viewer. Nature biotechnology 2011, 29, 24-26. 

17. Untergasser, A.; Cutcutache, I.; Koressaar, T.; Ye, J.; Faircloth, B.C.; Remm, M.; Rozen, 
S.G. Primer3—new capabilities and interfaces. Nucleic acids research 2012, 40, e115-
e115. 

18. Li, H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 2018, 34, 
3094-3100. 

19. Meyer, E.; Aglyamova, G.; Matz, M. Profiling gene expression responses of coral larvae 
(Acropora millepora) to elevated temperature and settlement inducers using a novel 
RNA‐Seq procedure. Molecular ecology 2011, 20, 3599-3616. 

20. Smith, T.; Heger, A.; Sudbery, I. UMI-tools: modeling sequencing errors in Unique 
Molecular Identifiers to improve quantification accuracy. Genome research 2017, 27, 
491-499. 

21. Bushnell, B. BBMap: a fast, accurate, splice-aware aligner; Lawrence Berkeley National 
Lab.(LBNL), Berkeley, CA (United States): 2014. 

22. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, 
M.; Gingeras, T.R. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 2013, 29, 15-
21. 

23. Anders, S.; Pyl, P.T.; Huber, W. HTSeq—a Python framework to work with high-
throughput sequencing data. bioinformatics 2015, 31, 166-169. 

24. Law, C.W.; Chen, Y.; Shi, W.; Smyth, G.K. voom: Precision weights unlock linear model 
analysis tools for RNA-seq read counts. Genome biology 2014, 15, 1-17. 

25. Plassais, J.; Kim, J.; Davis, B.W.; Karyadi, D.M.; Hogan, A.N.; Harris, A.C.; Decker, B.; 
Parker, H.G.; Ostrander, E.A. Whole genome sequencing of canids reveals genomic 
regions under selection and variants influencing morphology. Nature communications 
2019, 10, 1-14. 

26. Kubiak, M.R.; Makałowska, I. Protein-coding genes’ retrocopies and their functions. 
Viruses 2017, 9, 80. 

27. Buck-Koehntop, B.A.; Mascioni, A.; Buffy, J.J.; Veglia, G. Structure, dynamics, and 
membrane topology of stannin: a mediator of neuronal cell apoptosis induced by 
trimethyltin chloride. Journal of Molecular Biology 2005, 354, 652-665. 



 

126 

 

28. Billingsley, M.; Yun, J.; Reese, B.; Davidson, C.; Buck‐Koehntop, B.; Veglia, G. Functional 
and structural properties of stannin: roles in cellular growth, selective toxicity, and 
mitochondrial responses to injury. Journal of cellular biochemistry 2006, 98, 243-250. 

29. Rosikiewicz, W.; Kabza, M.; Kosiński, J.G.; Ciomborowska-Basheer, J.; Kubiak, M.R.; 
Makałowska, I. RetrogeneDB–a database of plant and animal retrocopies. Database 
2017, 2017. 

30. Parker, H.G.; VonHoldt, B.M.; Quignon, P.; Margulies, E.H.; Shao, S.; Mosher, D.S.; Spady, 
T.C.; Elkahloun, A.; Cargill, M.; Jones, P.G. An expressed fgf4 retrogene is associated with 
breed-defining chondrodysplasia in domestic dogs. Science 2009, 325, 995-998. 

31. Brown, E.A.; Dickinson, P.J.; Mansour, T.; Sturges, B.K.; Aguilar, M.; Young, A.E.; Korff, C.; 
Lind, J.; Ettinger, C.L.; Varon, S. FGF4 retrogene on CFA12 is responsible for 
chondrodystrophy and intervertebral disc disease in dogs. Proceedings of the National 
Academy of Sciences 2017, 114, 11476-11481. 

32. Batcher, K.; Dickinson, P.; Maciejczyk, K.; Brzeski, K.; Rasouliha, S.H.; Letko, A.; 
Drögemüller, C.; Leeb, T.; Bannasch, D. Multiple FGF4 retrocopies recently derived 
within canids. Genes 2020, 11, 839. 

33. Scott, A.J.; Chiang, C.; Hall, I.M. Structural variants are a major source of gene 
expression differences in humans and often affect multiple nearby genes. Genome 
research 2021, 31, 2249-2257. 

34. Bannasch, D.L.; Affolter, V.K.; York, D.; Rebhun, R.B.; Grahn, R.A.; Weich, K.M.; 
Kallenberg, A. Correction: Weich, K., et al. Pigment Intensity in Dogs Is Associated with a 
Copy Number Variant Upstream of KITLG. Genes 2020, 11, 75. Genes 2021, 12, 357. 

35. Bang, J.; Zippin, J.H. Cyclic adenosine monophosphate (cAMP) signaling in melanocyte 
pigmentation and melanomagenesis. Pigment Cell & Melanoma Research 2021, 34, 28-
43. 

36. Kawakami, A.; Fisher, D.E. The master role of microphthalmia-associated transcription 
factor in melanocyte and melanoma biology. Laboratory investigation 2017, 97, 649-
656. 

37. Zhou, D.; Ota, K.; Nardin, C.; Feldman, M.; Widman, A.; Wind, O.; Simon, A.; Reilly, M.; 
Levin, L.R.; Buck, J. Mammalian pigmentation is regulated by a distinct cAMP-dependent 
mechanism that controls melanosome pH. Science signaling 2018, 11, eaau7987. 

38. Natale, C.A.; Duperret, E.K.; Zhang, J.; Sadeghi, R.; Dahal, A.; O'Brien, K.T.; Cookson, R.; 
Winkler, J.D.; Ridky, T.W. Sex steroids regulate skin pigmentation through nonclassical 
membrane-bound receptors. Elife 2016, 5, e15104. 

39. Slominski, A.; Tobin, D.J.; Shibahara, S.; Wortsman, J. Melanin pigmentation in 
mammalian skin and its hormonal regulation. Physiological reviews 2004, 84, 1155-
1228. 

40. Adams, J.W.; Wang, J.; Davis, J.R.; Liaw, C.; Gaidarov, I.; Gatlin, J.; Dalton, N.D.; Gu, Y.; 
Ross Jr, J.; Behan, D. Myocardial expression, signaling, and function of GPR22: a 
protective role for an orphan G protein-coupled receptor. American Journal of 
Physiology-Heart and Circulatory Physiology 2008, 295, H509-H521. 

41. Verleyen, D.; Luyten, F.P.; Tylzanowski, P. Orphan G-protein coupled receptor 22 
(GPR22) regulates cilia length and structure in the zebrafish Kupffer’s vesicle. PLoS One 
2014, 9, e110484. 



 

127 

 

42. Kerkhof, H.J.; Lories, R.J.; Meulenbelt, I.; Jonsdottir, I.; Valdes, A.M.; Arp, P.; Ingvarsson, 
T.; Jhamai, M.; Jonsson, H.; Stolk, L. A genome‐wide association study identifies an 
osteoarthritis susceptibility locus on chromosome 7q22. Arthritis & Rheumatism: Official 
Journal of the American College of Rheumatology 2010, 62, 499-510. 

43. Evangelou, E.; Valdes, A.M.; Kerkhof, H.J.; Styrkarsdottir, U.; Zhu, Y.; Meulenbelt, I.; 
Lories, R.J.; Karassa, F.B.; Tylzanowski, P.; Bos, S.D. Meta-analysis of genome-wide 
association studies confirms a susceptibility locus for knee osteoarthritis on 
chromosome 7q22. Annals of the rheumatic diseases 2011, 70, 349-355. 

44. Guns, L.; Monteagudo, S.; Calebiro, D.; Lohse, M.; Cailotto, F.; Lories, R. Increased GPR22 
activation triggers osteoarthritis. Annals of the Rheumatic Diseases 2018, 77, A5. 

45. Guns, L.-A.; Calebiro, D.; Lohse, M.; Lories, R.; Cailotto, F. A cholecystokinin receptor 
antagonist inhibits chondrocyte hypertrophy and protein kinase a activity decrease 
induced by activation of GPR22. Osteoarthritis and Cartilage 2016, 24, S178-S179. 



 

128 

 

CHAPTER 6: Conclusion 

The domestic dog, represented by over 350 distinct breeds (www.akc.org), is the most 

phenotypically diverse domesticated species, with two orders of magnitude differences in size 

between the smallest and largest breeds and an equally impressive degree of variation in 

behavioral and other physiological attributes [1-3]. Breed dogs also suffer from a predisposition 

to numerous heritable disorders [4-7], making them a useful translational model for human 

health. Many of the large effect size genetic variants underlying breed differences in 

morphological traits have been identified [8-12], although smaller effect size variants affecting 

morphology within breeds have yet to be discovered [13]. Dogs are noteworthy for having two 

distinct, functional FGF4 retroCNVs that both have large effects on skeletal morphology [14,15]. 

In addition to the FGF4 retroCNVs, other transposable elements including LINE-1 and SINE 

insertions make up a substantial portion (around 10%) of the phenotype associated variants 

identified in dogs (www.omia.org). Transposable elements have contributed substantially to the 

evolution of the canine genome, and they continue to play an active role to this day [16-19]. This 

dissertation research, focused on examining the landscape of retroCNV in dogs, has broader 

implications into the biology of LINE-1 activity in canids. 

The disproportionate dwarfism phenotype in dogs called ‘chondrodysplasia’ was 

associated with an FGF4 retroCNV on CFA18 [15]. The CFA18 FGF4 retroCNV is common to many 

breeds, including some breeds which have also been characterized as chondrodystrophic, such 

as the Dachshund, leading many to incorrectly believe that this was the chondrodystrophy 

gene. However, many of the breeds that are positive for the CFA18 FGF4 retroCNV, including 

several terrier breeds, are not canonically considered chondrodystrophic, nor do they appear to 

http://www.akc.org/
http://www.omia.org/
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be at increased risk for IVDD [20,21]. The second FGF4 retroCNV on CFA12, however, is present 

within all the canonically described chondrodystrophic breeds, such as the French bulldog and 

Beagle, two breeds which lack the CFA18 FGF4 retroCNV [14,20,22]. However, to best advise 

breeders, it is necessary to determine the genetic contribution to disc disease of the two FGF4 

retroCNVs. Through the analysis of the FGF4 retroCNVs in hundreds of IVDD surgical cases in 

Chapter 2, it was shown that the CFA12 FGF4 retroCNV alone was associated with increased risk 

of disc calcification and herniation leading to surgery. Additionally, the analysis of all other 

canine FGF4 retroCNV in Chapter 3 did not reveal additional common FGF4 retroCNV as 

contributing to IVDD in dogs. These findings indicate that breeders can substantially decrease 

the incidence of IVDD by reducing the prevalence of the CFA12 FGF4 retroCNV alone, keeping 

the CFA18 FGF4 retroCNV for the disproportionate dwarfism phenotype that is preferrable in 

many popular breeds.  

Chapter 4 contains a broader analysis of retroCNV in dogs; prior to this research, the 

landscape of retroCNV in dogs outside of the FGF4 retrocopies was incomplete. The 

identification of a large number of retroCNVs across canids, most of which are full length and 

many functional, indicates that retroCNVs are a potential source for the phenotypic variability 

observed in dogs. Human genomes contained 13-fold fewer retroCNV on average compared to 

the canids, showing how relatively frequent retroCNV insertions are in the canid genome. An 

additional analysis in equid genomes for comparison is described in the Appendix, again finding 

fewer retroCNV than in the canids, and uncovering an ancient retroCNV of the LCORL gene that 

appears important to equine evolution. While the canine FGF4 retroCNVs were discovered due 

to their strong phenotypic association with easily observable morphological traits, it is unclear 
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what phenotypes could be associated with the other canine or equine retroCNVs. The 

availability of an extensive list of retroCNVs should, however, be a useful resource to the 

research community performing association analyses. As an example, Chapter 5 characterizes 

an SNN retroCNV associated with red coat color in Poodles following a GWAS. While a nearby 

gene, SLC26A4, had initially been identified by other researchers as a top candidate for 

pheomelanin intensity [23], it was shown through RNAseq analysis of red and white Poodle skin 

that the SNN retroCNV was the likely causative mutation due to its effects on the expression of 

GPR22, a gene nearby to its insertion site. Although the SNN retroCNV was only identified 

through the analysis of WGS from red Poodles after the analysis described in Chapter 4 was 

performed, which contained no red Poodles, it shows that the availability of a comprehensive 

list of canine retroCNVs is a useful resource for following up on genomic associations. 

Interestingly, while dogs have less than twice as many full length LINE-1s as humans do 

[24], they have approximately 13-fold as many retroCNVs. In previous studies, dogs also had 8-

fold and 17-fold as many dimorphic LINE-1s and SINEs compared to humans [17,18]. Horses also 

had an increased prevalence of retroCNV compared to humans, which would not be predicted 

based on the fewer number of full length LINE-1s in horses [24]. This suggests that the total 

number of full-length LINE-1 in a species may not necessarily correlate with overall LINE-1 

activity, as some of the canine LINE-1 appear highly active. LINE-1 is both epigenetically and 

post-transcriptionally suppressed through various mechanisms, so across-species variance in 

LINE-1 activity may reflect changes to or defects in LINE-1 suppression [25,26]. One study has 

suggested that the recent accumulation of SINE insertions in dogs may be a consequence of a 

weak piRNA response, a mechanism used to suppress transposable elements [27]. It is also 
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unclear to what extent species’ LINE-1 activity in the germline could correlate with activity in 

somatic cells. For example, there are tissue-type specific mechanisms for LINE-1 suppression, 

particularly in the male germline, that could vary between species [28-31]. 

While the focus of this dissertation research was on retroCNVs acquired in the germline, 

the large number identified in canids indicate that somatic retrotransposition events are also 

likely to be a common occurrence in dogs. In humans, somatically acquired LINEs and SINEs as 

well as gene retrocopies have all been implicated in various disorders including cancers [32-35]. 

Meanwhile, breed dogs have a high predisposition to many disorders, and are at substantially 

higher risk for specific cancers than humans [4,36]. The germline retroCNVs identified in Chapter 

4 may play a role in this increased susceptibility to disease in modern dog breeds, which was 

proven to be the case for the FGF4 retroCNV causing chondrodystrophy and increased 

susceptibility to IVDD. However, somatic retrotransposon activity, including somatically 

acquired retroCNV, could also be a concern in dogs. Although the technology is still nascent, 

single cell whole genome sequencing has recently opened the door for the discovery of somatic 

retrotransposition events, which are surprisingly prevalent in primates [37-40]. In dogs, which 

have much higher LINE-1 activity than humans, the somatic accumulation of retrotransposition 

events could contribute to cancer susceptibility. An interesting observation in cancer biology, 

known as Peto’s paradox, is that if every cell has a chance of becoming cancerous, then larger, 

longer-lived species should be at increased risk of developing cancers compared to smaller, 

shorter-lived species, and yet, no correlation exists between body size and cancer risk across 

species [41]. One possible explanation for Peto’s paradox is that longer-lived species have a 

lower somatic mutation rate, resulting in fewer tumors [42]. Recently, somatic mutation rates 
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across 16 mammalian species were indeed confirmed to be negatively correlated with life span 

[43]. Similarly, the rate of somatic retrotransposon activity within a species might correlate with 

both life span and cancer prevalence. While smaller dog breeds do live longer and are at lower 

risk of certain cancers than larger breeds, purebred dogs as a whole are at higher risk of cancer 

than humans [44,45]. It may be necessary to quantify canine LINE-1 activity in somatic tissues, 

particularly in those breeds and tissue types that have a high prevalence of specific cancers, to 

fully understand the contribution of LINE-1 mediated retrotransposition to cancer. 

 Finally, it is interesting to speculate why LINE-1 is highly active in the domestic dog. If it 

were the case that LINE-1 mediated retrotranspositions were a contributing factor to the 

increased prevalence of disease and cancer in dogs, one might expect individuals to have 

compensatory mechanisms to suppress LINE-1 activity for higher fitness. Transposable 

elements are recognized as mutagenic, and are involved in an ongoing “arms race” between 

them and their host genomes that seek to suppress their activity [46,47]. Evolutionary pressure 

should favor the suppression of LINE-1 activity, resulting in less retrotransposition, and yet 

LINE-1 remains highly active within the canine genome. In response to a similar question 

regarding evolutionary pressure acting to reduce mutation rates, the geneticist A.H. Sturtevant 

once stated: "It would evidently be fatal for a species, in the long run, if its mutation rate fell to 

zero, for adjustment to changing conditions would then not long remain possible" [48]. Similarly, 

a reduction in LINE-1 activity could be predicted to result in a reduction in a species ability to 

adjust to changing conditions. While somatic changes to the genome such as point mutations 

and retroposition events are harmful to the individual, leading to cancers and aging, some level 

of LINE-1 activity may be beneficial for the species as a whole, allowing for greater adaptability 
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to environmental changes and the ability to take better advantage of new niches. The domestic 

dog is arguably one of the most phenotypically diverse mammalian species and was able to 

rapidly adapt and thrive during and following domestication. One of the models for 

domestication of canids proposes that, unlike with other species which had domestication 

forced upon them, such as plants and ungulates, dogs underwent self-domestication, where 

they had to adapt to humans. Part of the reason dogs have been so successful could be due to 

an adaptive advantage provided by increased LINE-1 activity.   
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ABSTRACT 

Although gene retrocopies are often presumed to be nonfunctional pseudogenes, 

evidence of functional retrocopies has grown over time. Additionally, LINE-1 is still active and 

capable of inserting new retrocopies, resulting in retro-copy number variants (retroCNVs) 

between individuals. Here, retroCNV discovery was performed on a whole genome sequencing 

dataset of 78 horses and 8 wild equids. In total, 437 retrocopy insertions from 353 parent genes 

were identified. Each horse had 22.5 retroCNV on average. Additionally, 32 retrocopies present 

in the EquCab3.0 reference assembly were found to be absent from all wild equids. Only 5 

retroCNV were shared between at least one horse and one wild equid, indicating that the 

majority of retroCNV inserted after the species diverged. Among the shared retroCNV, a large 

number of segmentally duplicated LCORL retrocopies were identified in all equids, with horses 

and zebras having between 17 and 35 copies. The LCORL retrocopy was estimated to have 

inserted 18 MYA (17-19 95% CI) and was absent from other members of the family 

Perissodactyl (Tapirs and Rhinoceroses). The LCORL retrocopies were highly expressed and 

accounted for the majority of overall LCORL expression in all tissue types except testes in both 

horses and donkeys. Evolutionary conservation of the LCORL retrocopy segmental duplication in 
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the Equidae family and the ancient timeline for LCORL retrotransposition indicate an essential 

role for this structural variant in a distinguishing feature of their biology. The dramatic increase 

in body size and reduction in digit number during equid evolution are predicted to have 

occurred after the retrotransposition of a gene known to affect body size across mammals. 

INTRODUCTION 

Long interspersed nuclear element 1 (LINE-1) is the only autonomous transposable 

element still active in mammalian genomes (1). LINE-1 encodes two functional proteins: an 

mRNA binding protein and a combined reverse transcriptase endonuclease. These LINE-1 

proteins function to reverse transcribe and insert mRNA copies of LINE-1 into the genome in a 

process called target-site primed reverse transcription (2, 3). One hallmark of LINE-1 mediated 

retrotransposition is the duplication of short segments of genomic DNA at the insertion site, 

called target site duplications (TSD)(4). While LINE-1 proteins preferentially act on LINE-1 

mRNA, LINE-1 proteins can also create new genomic copies of short interspersed nuclear 

element (SINE) as well as copies of cellular mRNA, which are referred to as retrocopies or 

processed pseudogenes (5, 6). Because retrocopies are derived from processed mRNA, they 

have a poly(A) tail and lack the introns and regulatory elements present at the parent gene, 

aspects which distinguish retrocopies from their parent genes (7). Most mammalian reference 

assemblies have thousands of retrocopies, many of which no longer code for functional 

proteins (8). Whereas these ancestral retrocopies tend to be fixed within species, LINE-1 is still 

active and capable of inserting new retrocopies (9, 10). These recently inserted retrocopies vary 

between individuals, resulting in what have been referred to as retrocopy number variants 

(retroCNVs) (11, 12). 
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While retroCNVs are not typically identified from whole genome sequencing (WGS) data 

by most common variant calling programs, techniques which take advantage of the differences 

between the retrocopy insertion and the parent gene of origin can be used to identify 

retroCNV, with the “gold standard” of retroCNV discovery requiring identification of the 

retroCNV parent gene and characterization of the insertion site. (2, 13). Estimates of gene 

retrotransposition rates have varied due to the difficulty in identifying retroCNVs and the 

varying number of active LINE-1 between species (10). However, an analysis of multiple high 

quality human genome assemblies indicate retroCNV are more common than previously 

believed (14). Studies using high coverage WGS data identified 1663 retroCNV parent genes in 

mice (13) and 503 in human populations (15), while 1911 retroCNV insertions from 1179 parent 

genes were recently identified in canids (16). A recent study in Thoroughbred horses found 62 

retroCNV parent genes, although the insertion sites were not identified (17).  

Retrocopies are often presumed to be nonfunctional and designated as pseudogenes, 

yet there is a growing body of evidence indicating that retrocopies are commonly expressed 

and functional (13, 18, 19). Expressed retrocopies have been implicated in various diseases 

including cancer and neurodegenerative disorders in humans (20). Even older retrocopies that 

no longer code for functional proteins can act as regulatory long non-coding RNAs (lncRNA) 

which alter the expression or translation of the parent gene (20). For example, elephants have 

around 20 transcriptionally active, segmentally duplicated TP53 retrocopies which, despite 

being truncated and no longer coding for a fully functional TP53 proteins, are thought to play a 

role in DNA response to damage and cancer resistance (21, 22). Segmental or tandem 

duplications of genes or retrocopies of genes are a common evolutionary mechanism across 
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species (23). While most retrocopies present within reference assemblies are ancestral and 

have accumulated nonsense mutations (8), retroCNVs, due to their recent insertion, typically 

still code for functional proteins (16). In dogs, multiple fully functional and expressed FGF4 

retroCNVs have been identified based on their association with skeletal dysplasias (24, 25). 

Recent retrocopy insertions may also have functional effects on the expression of nearby genes 

or form chimeric transcripts when inserted within the intron of other genes (11, 12). While the 

retroCNVs identified in natural populations of wild mice were found to be under strong 

negative selection, likely due to deleterious effects (13), significant population differentiation 

by breed was observed for many of the retroCNV in dogs, possibly as a consequence of artificial 

selection by breeders (16). 

Because retroCNV have a propensity to be harmful, there is a need to characterize the 

repertoire of retroCNV in domesticated species. In this study, a recently developed method to 

identify retroCNV was used to characterize the landscape of retroCNV in 86 equids. While most 

retroCNV were not shared between the domestic horses and other equids, many LCORL 

retrocopies were identified in all equids mapping to the same locus, highlighting a segmental 

duplication containing an LCORL retrocopy which is absent from the reference assembly. 

Retrocopy specific variants were identified and used to evaluate LCORL expression in horse and 

donkey RNAseq datasets, and estimate the age of the retrotransposition event. 

RESULTS 

RetroCNV discovery in equids 
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RetroCNV discovery was performed using Illumina paired-end WGS data from 86 equids 

aligned to EquCab3.0 (Supplemental Table S1). The median coverage across all samples was 

21.2x. An initial analysis using mRNA specific 30-mers identified 693 total putative retroCNV 

parent genes across all samples. RetroCNV insertion site discovery was then performed using 

discordant read analysis focused on these putative retroCNV parent genes. In total, 437 

retroCNV insertions were resolved from 353 parent genes (Figure 1). Many of the retroCNV 

were inserted within the introns of other protein coding genes (146/437; 33.4%) (Supplemental 

Table S2). The TSD sequence was identified for 316 of the retroCNV insertions based on 

overlapping discordant reads. The TSD sequences ranged from 10 to 31 bp with a median 

length of 17. A genotyping matrix of the retroCNV in each sample is available in Supplemental 

Table S2. Primers were designed for eight retroCNVs, and a set of thoroughbreds were tested 

to validate the insertion sites. Sanger sequencing of the PCR products confirmed the retrocopy 

insertions and their TSD sequences (Supplemental Table S3). 

The number of total non-reference retroCNV in each individual horse ranged from 8 to 

40 with an average of 22.5 retroCNV (Table 1; 95% CI 21.3-23.7). Meanwhile, the 8 wild equids 

averaged 61.1 retroCNV (95% CI 55.0-67.2). Horses had on average less than 1 private retroCNV 

(average 0.60; 95% CI 0.40-0.81), while the wild equids, which only included one individual from 

each species, had on average 15.6 private retroCNV (95% CI 9.9 -21.4). Nearly half of the total 

non-reference retroCNV (218/437, 49.9%) were exclusive to the 8 wild equids. The horse 

retroCNV were also analyzed for unique variants that differentiate them from their parental 

gene sequence. Most (157/213, 73.7%) of the retroCNVs in horses did not contain any unique 

variants, and only one high impact variant was detected, indicating that most retroCNV still 
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likely code for functional proteins. The list of retroCNV specific variants and their predicted 

effects is available in Supplemental Table S4. 

Population 
Total 

retroCNV 
Average 

retroCNV 
Private 

retroCNV 
Exclusive 
retroCNV 

All Horses (N=78) 219 22.5 38 191 

Przewalski Horse (N=3) 50 29 9 23 

Wild equids (N=8) 223 61.1 125 218 

Table 1: Summary of non-reference retroCNV in equids. Average retroCNV is the average 

number of total retroCNV carried by an individual animal. Private retroCNV are unique to an 

individual, and exclusive retroCNV are unique to the population. 

 

Figure 1: Circos plots of equine retroCNVs. Links are colored based on the chromosome of 

parent gene. Left: all retroCNV identified in 86 equids (N=437). Right: All the retroCNV in 22 

Thoroughbred horses (N=81). Thickness of the band indicates how common the retroCNV was 

in thoroughbreds. 

 

While discordant read analysis failed to identify an insertion site for 340 of the 693 

putative retroCNV parent genes, exon-exon discordant reads were observed for only 51 of 

those 340 putative parent genes, indicating that retroCNVs with unresolved insertion sites were 

present for those parent genes (Supplemental Table S5). Four of these putative parent genes 
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(ATP6V0C, EIF3CL, LOC100066257, TIRAP) were observed to have discordant reads present only 

in the male samples, possibly indicating that the retroCNV was on the Y chromosome, which is 

absent from the EquCab3.0 reference assembly. To test this, an equine Y chromosome 

assembly was separately analyzed for these four retroCNV, three of which (ATP6V0C, EIF3CL, 

and LOC100066257) were identified.  

The program sideRETRO was also used to identify retroCNV in the same dataset. A total 

of 385 retroCNV candidates were identified by sideRETRO under default settings, 196 of which 

were confirmed to be retrocopy insertions through visual analysis, and 176 of which overlapped 

with the initial analysis (Supplemental Table S6). 

Retrocopies present in the EquCab3.0 assembly itself were also analyzed to determine if 

they were retroCNV. In this analysis, any retrocopy absent from an individual was considered a 

retroCNV. A total of 32 reference retroCNV were identified (Supplemental Table S7). All the 32 

reference retroCNV were absent from all the wild equids, making them horse-specific retroCNV; 

additionally, 21 of them were present in every horse sample. The reference retroCNVs shared 

98.3% sequence identity with their parent gene sequences on average, and also tended to be 

the full length of the parental protein coding sequence (97.4% on average).  

RetroCNV parent gene analysis 

Some of the retroCNV parent genes were identified as genes which commonly form 

retrocopies, including multiple ribosomal protein genes and GAPDH. The 353 retroCNV parent 

genes were highly enriched for biological processes of translation and peptide synthesis, and 

the molecular functions related to the ribosome and RNA binding (Table 2). 
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GO biological process Fold Enrichment P value FDR 

     translation 5.79 3.49E-15 5.01E-11 

     peptide biosynthetic process 5.53 1.14E-14 8.17E-11 

     peptide metabolic process 4.59 6.79E-13 3.25E-09 

     cellular macromolecule biosynthetic process 3.68 2.21E-12 7.93E-09 

GO molecular function Fold Enrichment P value FDR 

     structural constituent of ribosome 6.63 1.44E-11 6.41E-08 

     RNA binding 2.96 1.12E-10 2.49E-07 

     structural molecule activity 3.11 1.41E-07 6.95E-05 

     mRNA binding 4.33 2.23E-07 9.01E-05 

Table 2: GO analysis of equine retroCNV parent genes.  

LCORL retrocopy in Equids 

Only 5 retroCNV were shared between any wild equids and horses. Among them, an 

LCORL retrocopy was identified which was present in all 86 samples, indicating that it was 

common to all equids and was not present in the EquCab3.0 assembly. Analysis of the 

EquCab2.0 assembly indicated that an LCORL retrocopy was present on a chromosomal contig 

which was absent from the EquCab3.0 assembly. Discordant reads identified the insertion site 

as chr9:30194359-30194380 in EquCab3.0, within the intron of MRPL15. However, an 

abnormally large number of discordant reads were observed for the LCORL retrocopy; each 

equid had on average 750 discordant reads (95% CI 654-847) mapping between the LCORL 

parent gene and the insertion site on chromosome 9, which indicated there were many LCORL 

retrocopies at this location (Figure 2A; Supplemental Figure S1). A previous study had also 

indicated the presence of multiple LCORL retrocopies on chromosome 9 using fluorescence in 

situ hybridization (26). Visual analysis of the LCORL retrocopy insertion site revealed similar 

increased coverage nearby the insertion, indicating that the retrocopy was part of a larger 

segmental duplication (Supplemental Figure S1).  
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An analysis based on increased coverage per individual indicated that there were 

between 17 and 35 copies of the segmental duplication carrying the LCORL retrocopy in horses 

(Supplemental Table S8). The number of LCORL retrocopies appears to vary between individuals 

and species; members of the Subgenus Asinus had the least number of copies on average at 

13.7 (95% CI 10.3-16.6), while domestic horses have an average of 25.1 (95% CI 24.4-25.9). 

Interestingly the Przewalski horses were estimated to have 33.2 copies of LCORL on average 

(95% CI 30.0-36.4). When the UCLA_HA_Equagga_1.0 zebra genome assembly was examined 

for evidence of the LCORL retrocopy, six LCORL retrocopy fragments were identified on 

unplaced-scaffolds, indicating that the region had not been properly assembled. The 

ASM1607732v2 donkey genome assembly, however, contains 10 full length LCORL retrocopies 

(Supplemental Table S9). Curiously, only one of the LCORL retrocopies was on donkey chr12, 

which is the equivalent of horse chr9; the other nine LCORL retrocopies were assembled on 

donkey chr3. 

Because the LCORL gene locus has been associated with height in horses (27, 28) as well 

as other mammals (29-33), the LCORL retrocopies were further examined for evidence of 

function. The LCORL gene contains multiple different isoforms formed through alternative 

splicing. The retrocopy is derived from a transcript which lacks exon 3 and which includes the 

first of two possible terminal exons (Figure 2A). This specific transcript has been observed in 

mice as LCORL transcript variant x12, where a second start codon in exon 2 is utilized to 

produce a 512 amino acid product (NCBI: XM_030254341.2). The assembled retrocopy 

sequences present in the EquCab2.0 and ASM1607732v2 assemblies were all predicted to 

result in a truncated protein product between 43 and 74 amino acids in length when the first 

https://en.wikipedia.org/wiki/Asinus
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start codon in exon 1 is used (Supplemental Data 1). The predicted protein product of the 

retrocopies using the secondary start codon in exon 2 is only 8 amino acids in length 

(Supplemental Data 2). Based on visual inspection of the LCORL retrocopy, it had many SNV 

indicating that it was an older retrogene insertion (Figure 2B). Variant calling was performed 

across the LCORL parent gene locus to identify variants specific to the retrocopies. Numerous 

variants were detected that were unique to the LCORL retrocopy sequence and which 

differentiate it from the parent gene, including multiple frameshift mutations, a 33bp deletion 

in exon 1 corresponding to the loss of 11 alanine codons, and a nonsense mutation in exon 4 

(Supplemental Table S10). The LCORL retrocopy specific variants also differed by species; while 

15 variants appeared fixed in all LCORL retrocopies in all Equid species, 24 variants appeared 

unique to and fixed within only the horse LCORL retrocopies, and 6 variants appeared in all wild 

equid LCORL retrocopies which were absent from horses. The horse retrocopies also contain a 

76bp deletion in exon 7 (chr3:107,550,405-107,550,481) and a SINE insertion in the 3’ UTR 

(chr3:107,553,402) which are not present in any of the wild equid retrocopies. 
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Figure 2: Large number of expressed LCORL retrocopies in equids. A) Increased coverage over 

the exons of the LCORL gene indicate the presence of several LCORL retrocopies in equids. 

Notably, the third exon is missing from the retrocopy transcript. B) Visual representation of the 

variation across the LCORL gene highlighting the sequence differentiation within the LCORL 

retrocopies between species. Each colored line represents a polymorphism within the 
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retrocopy sequence. Not all variants appear fixed across all retrocopies. C) LCORL expression 

analysis in horses based on the SNVs identified between the retrocopy and the parent gene 

indicated that the LCORL retrocopies comprised the majority of overall LCORL transcripts in all 

tissue types except testis. D) Overall LCORL expression was also greatly increased in horses 

relative to humans. 

LCORL expression analysis 

RNAseq data from the Functional Annotation of Equine Genome (FAANG) dataset (34) 

were then analyzed using the LCORL retrocopy specific variants to differentiate the parental 

gene transcripts from the retrocopy transcripts. The majority of LCORL transcripts were 

determined to be derived from the retrocopies (Figure 2C; Supplemental Figure S2). This same 

trend was observed in a donkey RNAseq dataset, where the majority of LCORL expression could 

be attributed to the retrocopy (Supplemental Figure S3). Overall expression of LCORL was also 

increased in all horse tissues relative to humans (Figure 2D), with an average fold increase in 

TPM across 12 tissues of 11.8 (95% CI 7.4-16.3). The increase in overall expression of LCORL in 

horses was due entirely to expression of the retrocopies (Supplemental Figure S4). MRPL15, 

which is also included within the segmentally duplicated region in equids, was also 

overexpressed in horses compared to humans (Supplemental Figure S5; average fold-increase 

in expression 12.1, 95% CI 8.1-16.1). Tissue specific trends in expression of MRPL15 and LCORL 

in donkeys and horses are available in Supplemental Figure S6. Long read RNAseq data was also 

analyzed to characterize the full length LCORL retrocopy transcript. The LCORL retrocopy often 

appears to form a chimeric transcript with nearby MRPL15 (Supplemental Figure S7). 

Additionally, antisense transcripts of the LCORL retrocopy were observed at the insertion site. 

Phylogenetic analysis of the LCORL retrocopy 
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Phylogenetic analysis using the LCORL retrocopy variants replicate known relationships 

between the species and that the LCORL retrocopy insertion predates equid speciation (Figure 

3A). Interestingly, rearrangements of the segmental duplication containing the LCORL retrocopy 

appear to have resulted in gene conversions: several variants were identified in both the parent 

gene and retrocopy sequence in one species while absent from other species’ parent or 

retrocopy sequences. No evidence of LCORL retrocopies was found in genome assemblies of 

two other extant members of the order Perissodactyla, the South American tapir (Tapirus 

terrestris) and the white rhinoceros (Ceratotherium simum). Additionally, no LCORL retrocopies 

were present within the WGS data of two tapirs (Tapirus terrestris and Tapirus indicus) and two 

rhinoceroses (Rhinoceros unicornis and Cerototherium simum), indicating that the LCORL 

retrocopies were specific to the Equidae family (Figure 3B).  

Since polymorphism exists within the duplicated copies of the LCORL retrocopy at 

varying allele frequencies, the single haplotype retroCNV sequences present within the 

EquCab2.0, ASM1607732v2 and UCLA_HA_Equagga_1.0 references assemblies were compared 

to their parent gene sequences in order to estimate how old the LCORL retrocopy is 

(Supplemental Table S11). Estimates ranged from 12.2 to 21.7 million years ago (MYA), with an 

average age estimate of 18.0 MYA (95% CI 17.0-19.0 MYA). The age of the retrotransposition 

placed this event much deeper than the extant Equus genus and lead us to explore the timing 

relative to evolutionary changes that occurred within the Equidae family. The estimate of the 

time of the LCORL retrocopy insertion was compared to the increase in body weight and 

decrease in digit number during equid evolution (Figure 4). 
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Figure 3: Across species analysis of LCORL retrocopies. A) Variants within the LCORL 

retrocopies as compared to the parent LCORL genes are used to reconstruct the equine 

phylogeny, indicating that the retrocopy inserted prior to Equus divergence. Approximately 

unbiased p-values indicating the strength of the clustering are shown at each node. LCORL 

parent gene sequences were obtained from three recent equine genome assemblies: 

EquCab3.0 (E. caballus), UCLA_HA_Equagga_1.0 (E. quagga) and ASM1607732v2 (E. asinus). B) 

WGS reads spanning an LCORL exon-exon junction are observed in all Equids (top) while absent 

from tapirs and rhinoceroses. 

 

Figure 4: Insertion of the LCORL retrocopy within the timeline of equid evolution. The body 

weight (blue line) and digit number (green line) are shown relative to the evolutionary history 

of the equid. Additional changes that occurred not shown are changes in tooth anatomy. There 

is overlap of different equid species which is shown by transparency of the bars representing 

the different species. The black bar represents the average age estimate with 95% confidence 

interval of the LCORL retrocopy insertion. The grey bar shows the complete range of insertion 

times. 
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DISCUSSION 

In this study, a recently developed approach to retroCNV discovery was successfully 

applied to equine WGS data to resolve the insertion sites for 437 retroCNVs. Horses had on 

average 22.5 retroCNV each, and 219 retroCNV were specific to horses. While the wild equids 

had a larger number of retroCNV on average (61.1), this is likely due to the use of a horse 

reference assembly for discovery. When retrocopies present in the EquCab3.0 reference 

assembly itself were also analyzed, 32 retrocopies were found to be absent from all wild equids, 

identifying them as horse specific retroCNV. Of particular interest was the identification of a 

large number of LCORL retrocopies in all equids. The LCORL retrocopies were also shown to be 

highly expressed in all tissue types analyzed in both horse and donkey RNAseq data and is part 

of a segmental duplication whose copy number was estimated to vary between species and 

individuals. Based on the number of SNV between the LCORL parent gene and the retrocopy, 

the retroCNV insertion, common to all extant equids, was dated to 18 MYA. Both the age of the 

LCORL retrogene and the conservation of a large number of expressed LCORL retrocopies in all 

extant equids provides evidence of function for the LCORL retrocopies in equid evolution.  

 A recent study which used the same method to identify retroCNVs in human and dog 

genomes found on average 4.2 retroCNVs in humans, while dogs had on average 54.1 

retroCNVs (16). In dogs, the increased rate in gene retrotransposition relative to humans was 

correlated with increased LINE-1 and SINE dimorphism rates, possibly indicative of higher LINE-

1 activity in general (35, 36). The domestic horse, with 22.5 retroCNVs on average, appears to 

have an intermediary rate of gene retrotransposition between that of humans and dogs. An 

analysis of the horse genome identified only 72 full length, intact LINE-1 sequences, which is 
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fewer than both humans, which have 142, and dogs, which have 264 (10), indicating that while 

horses have fewer total LINE-1, LINE-1 appears to be more actively capable of gene 

retrotransposition in horses than in humans. As retroCNV are only one aspect of overall LINE-1 

activity, a proportional increase in frequency for LINE-1 and SINE polymorphisms could be 

expected in equine genomes relative to humans. However, phenotypic associations with 

transposable element insertions are relatively rare in horses, being responsible for less than 1% 

(1/103) of the total phenotype associated variants identified in horses, compared to around 

10% in dogs (Online Mendelian Inheritance in Animals, OMIA. Sydney School of Veterinary 

Science, 10/18/2022. World Wide Web URL: https://omia.org/).  

 RetroCNV, which are a form of large structural variant, can be difficult to identify from 

Illumina short read datasets. The retroCNVs identified in low coverage human genomes have 

varied based on the approach used (2, 9, 12, 37). Some approaches to retroCNV discovery also 

focus on retroCNV parental gene analysis (15), but the resolution of the retroCNV insertion site 

is important for downstream functional analyses. Additionally, multiple insertions can exist for 

a single parent gene; in this study, 437 total insertions were identified from 353 parent genes. 

While a previous analysis using multiple long-read human genome assemblies appeared to give 

the most accurate results for retroCNV, this quality of data is not yet available for most species 

(14). The approach to retroCNV employed in the current study was also used in canids, where it 

was tested using long-read assemblies and found to be highly accurate (16). SideRETRO, a 

recently developed tool for retroCNV discovery (38), was also applied to the same dataset used 

in this study, and 177 of the same retroCNV were confirmed as well as 20 unique retroCNV. 

However, sideRETRO failed to identify 260 of retroCNVs which were identified using discordant 

https://omia.org/
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reads, possibly due to issues in the annotation file or the parameters used. While sideRETRO is 

a useful, easy to use tool, manual curation of the output file was still required to remove false 

positives caused by the presence of other complex structural variants in the genome. Due to 

the complexity of structural variant analyses such as retroCNV discovery, any technique applied 

requires validation. A previous study focused on Thoroughbreds found 62 retroCNV parent 

genes which were PCR validated (17); the current study confirmed the presence of 54 of those 

retroCNV, including the identification of the insertion sites. 

 The GO enrichment analysis of the retroCNV parent genes showed that many were 

derived from genes encoding ribosomal proteins, which are known to be common retrocopy 

forming genes (39). Retrocopies tend to derive from highly expressed genes, including genes 

encoding ribosomal proteins (9, 39, 40). However, the retroCNV identified in this study may 

function through a variety of mechanisms, including alteration of nearby gene expression (19, 

20). In natural populations of mice, many retroCNV were shown to significantly alter the overall 

expression of the parent gene, and the retroCNV were also under negative selection, likely due 

to deleterious effects (13). Still, many retroCNV appear to have been selected towards fixation 

in horses; 21 retrocopies were identified in the EquCab3.0 genome assembly that were 

homozygous in all horses yet absent from all wild equids.  

More intriguing still is the presence of many LCORL retrocopies across all equids. The 

LCORL retrocopies, which are part of a larger duplication that is poorly assembled in most 

available equine genome assemblies, were only identified through our discovery pipeline due to 

their absence from the EquCab3.0 assembly. In humans, 7% of the human genome consists of 

segmental duplications and, in the past, they were also poorly resolved in genome assemblies 
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(41). The LCORL retrocopies were previously mapped to horse chromosome 9 using 

fluorescence in situ hybridization, where it was also noted that very strong signals indicated the 

presence of multiple copies (26). Discordant read mapping confirmed the LCORL retrocopies 

were on chromosome 9. While multiple LCORL retrocopies were present in the Dezhou Donkey 

assembly (ASM1607732v2), they appeared on different chromosomes, indicating that the 

LCORL retrocopy had translocated between species or that there may be an error in the 

assembly. Increased coverage over the segmental duplication containing the LCORL retrocopies 

confirmed the presence of many copies, with horses having 25 on average, which warranted 

further investigation of the retroCNV. 

The LCORL retrocopies are of particular interest due to the nature of the gene; the 

LCORL/NCAPG locus has been associated with body size across many mammalian species, 

including humans and horses, with identification of the causative mutation often difficult (26-

29, 31, 33, 42). While LCORL encodes a putative transcription factor, the function of LCORL is 

not well understood (43). Alternative splicing of the LCORL gene results in multiple transcript 

variants as well as multiple vastly different protein isoforms (31). How LCORL mediates changes 

in body size is still unknown, making it difficult to speculate how transcription of the retrocopy 

might influence morphology. The equid LCORL retrocopies have accumulated numerous 

mutations, including frameshift mutations and a predicted nonsense mutation in exon 4, 

resulting in a truncated protein product. However, the LCORL retrocopies were shown to be 

highly expressed in horse and donkey tissues, where the retrocopies made up the vast majority 

of overall LCORL expression. Even if they no longer code for a functional protein, the LCORL 

retrocopy transcripts, which can form chimeric transcripts with the nearby MRPL15 gene, may 
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still have an effect on expression or translation of the parent gene (19, 20). The presence of 

these highly expressed LCORL retrocopies may have also interfered with functional analyses 

into the LCORL parent gene (27, 44). Additionally, the large copy number of the MRPL15 gene 

itself may also have functional consequences in equids. MRPL15 is a mitochondrial ribosomal 

protein that plays a role in protein synthesis within the mitochondria which has been identified 

as a biomarker for cancers (45-47). Overall expression of MRPL15 was increased in horse and 

donkey tissues relative to humans, likely because of the high copy number of the gene. While 

the known involvement of LCORL body size is intriguing, MRPL15 could be contributing to the 

function of the segmental duplication or the chimeric reads between the two genes could be 

driving the selection and conservation of this segmental duplication. 

The LCORL retrocopies are absent from rhinoceros and tapir genomes, the two other 

members of Perissodactyla, making the retrocopies unique to the equid family, the only living 

monodactyly (48). While the LCORL retrocopies are present in all equid species, the retrocopy 

sequences have begun to diverge; separate variants have become fixed across all retrocopies 

differentially between the species. This is possible evidence of gene conversion due to the 

effects of concerted evolution, a process which results in greater sequence similarity of 

repetitive elements within than among species (49). This, in addition to the across-species 

perseveration of large copy numbers of the LCORL retrocopies, imply a functional role. Notably, 

a similar process of retrocopy insertion followed by segmental duplication has resulted in a 

large number of partial TP53 gene retrocopies in elephants (21). Although many of the TP53 

retrocopies are truncated and no longer functional, they have been under positive selection 

due to a predicted  role in cancer resistance among elephants, although this conclusion has 
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been brought into question recently (50). Another example of retrocopies leading to expanded 

gene copy number is for the APOBEC3 antiviral proteins in primates (51). It’s possible that the 

LCORL retrocopies play a similarly important role in the evolutionary history of the equids. 

  The LCORL retrotransposition was estimated to occur 18 million years ago based on 

sequence divergence between the parent genes and the retrocopy sequences available in 

assemblies from horse, donkey, and zebra. The retrotransposition event happened first, 

followed by segmental duplication events and additional subsequent rearrangements within 

the extant Equids. In addition to preservation of high copy number of the segmental 

duplication, there has been high expression levels maintained across the extant equids a time 

frame of almost 5 million years. The large size and complex nature of the segmental duplication 

make it challenging to completely resolve and as a result the functionality of this highly 

transcribed locus is difficult to test. Without DNA sequence data from other extinct equids, it is 

also difficult to verify the timing of the retrotransposition event or the expansion in copy 

number. The complete landscape of segmental duplications as well as other evolutionary 

changes during equid evolution when identified may provide additional insight into the 

importance of this locus, however the timing of the retrotransposition of LCORL predating the 

major increase in body size and digit reduction in equids is compelling.      

METHODS 

RetroCNV parent gene discovery 

A previously described method utilizing mRNA specific 30-mers to identify putative 

retroCNV parent genes was adopted for the EquCab3.0 reference (16). Briefly, spliced gene 

sequences for every gene transcript in the NCBI EquCab3.0 annotation release 103 were 
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obtained using Gffread (52). mRNA specific 30-mers which are absent from the EquCab3.0 

assembly were then identified for each gene sequence using Jellyfish (53). To prevent false 

positives due to sequencing errors, all 30-mers with an edit distance of 2 substitutions from the 

EquCab3.0 reference assembly were filtered using mrsFAST (54). In total, 26,849 genes were 

used for retroCNV discovery using 5,672,946 unique 30-mers (median 30-mers per gene: 131). 

RetroCNV discovery was then performed using high coverage Illumina paired end whole 

genome sequencing (WGS) fastq files downloaded from the Sequence Read Archive or 

European Bioinformatics Institute (55). The dataset included 75 breed horses, 3 Przewalski 

horses and 8 wild Equids (Supplemental Table S1). Fastq files were queried for the presence of 

the mRNA specific 30-mers using Jellyfish, and any genes which had greater than 5 mRNA 

specific 30-mers and at least 10% of the total 30-mers for that gene identified were considered 

as a putative retroCNV parent genes. 

RetroCNV insertion site analysis 

RetroCNV insertion sites were identified using a previously developed pipeline (16). 

Briefly, WGS fastq files were aligned to the EquCab3.0 reference assembly (56) using Minimap2 

v2.24 with the preset ‘-ax sr’  for Illumina paired end reads (57). Aligned data were sorted and 

duplicate reads were removed using samtools (58). TEBreak was then used to obtain discordant 

read clusters at putative retroCNV parent gene loci (59). All retroCNV insertion sites were 

visually confirmed in Integrative Genomics Viewer (IGV) (60). The TEBreak 5’ and 3’ junction 

sequences for the retroCNV are available in Supplemental Table S12. To validate a set of 

retroCNV insertion sites and TSD, three primer genotyping PCR assays were designed as 

previously described (Supplemental Table S13). Thoroughbred horses from a DNA repository 
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maintained by the Bannasch lab were then selected at random for genotyping, and Sanger 

sequencing was performed on an Applied Biosystems 3500 Genetic Analyzer using a Big Dye 

Terminator Sequencing Kit (Life Technologies, Burlington, ON, Canada). The horse Y 

chromosome assembly (61) was analyzed for evidence of RetroCNV that had been predicted to 

be on the Y chromosome based on sex bias. The retroCNV parent gene sequence was used to 

query the Y chromosome for the retrocopy using BLAST (62). SideRETRO was then used with 

default settings on the same dataset in a separate analysis (38).   

Reference assembly retrocopy analysis 

Gene retrocopies present in RetrogeneDB (8) were analyzed to identify retroCNV within 

the EquCab3.0 reference assembly. Retrocopy locations were first converted to EquCab3.0 

using the NCBI remap tool, and then WGS data were analyzed for deletions at these locations 

using Delly (63). Deletions which confirmed the retrocopy as a retroCNV were manually 

confirmed visually using IGV. All recent (>95% identity, N=88) retrocopies from RetrogeneDB 

were also visually analyzed in the 8 wild equids using IGV to manually determine if they were 

retroCNV.  

RetroCNV specific variant analysis 

Single nucleotide variants (SNV) at retroCNV parent gene loci were identified from the 

WGS dataset using bcftools mpileup (58). For each gene, SNVs which were present only in 

individuals who were positive for a retroCNV of that gene were attributed to the retroCNV, 

while SNV which were present in individuals who lacked the retroCNV were considered to be 
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variants within the parental gene sequence itself.  RetroCNV which were unique to wild equids 

were excluded from this analysis.  

LCORL retroCNV copy number 

 In order to estimate the total copy number of the LCORL retrocopies in each sample, the 

average coverage over a portion of the segmental duplication (Equcab3 Chr9:30186485-

30216186) was first calculated using the samtools depth (58). This was then divided by the 

average genome-wide coverage which was estimated using samtools idxstats (58). 

LCORL expression analysis  

A list of LCORL retrocopy specific variants was obtained from WGS data using bcftools 

mpileup at the LCORL parent gene locus (58). The LCORL retrocopy specific variants were 

analyzed in IGV, and only variants which appeared fixed across all retrocopies were used to 

create a masked LCORL transcript (Supplemental Data 3). Illumina paired-end RNA-seq data 

were downloaded from the Functional Annotation of Animal Genomes (FAANG) archive (34) 

and aligned to the masked LCORL sequence using HISAT2 (64). SNPsplit was then used to 

perform allele specific analysis of LCORL to differentiate the parental gene transcripts from the 

retroCNV transcripts (65). RNA-seq data were also aligned to the full EquCab3.0 reference 

assembly using HISAT2 and transcripts per million (TPM) for LCORL and MRPL15 were counted 

using Kallisto (66). TPM were then averaged across all sample of the same tissue type. The 

same analysis was also performed using Illumina paired-end RNA-seq data from a Dezhou 

Donkey, BioProject accession PRJNA431818 (67) using a separate masked LCORL sequence file 

using the wild equid LCORL retrocopy specific  variants (Supplemental Data 4). Normalized 
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expression data in humans for MRPL15 and LCORL was obtained from the Human Protein Atlas 

website (proteinatlas.org) (68). Expression of the LCORL retrocopies was also analyzed in long-

read RNAseq data from the FAANG initiative (69). Circular consensus sequence files were 

downloaded and aligned to EquCab3.0 using minimap2 v.2.24 using the preset ‘-ax splice:hq’ 

for spliced Iso-seq data. Aligned files were then visually analyzed in IGV (60). 

Phylogenetic analysis of the LCORL retrocopies 

Two recent, chromosome level wild equid genome assemblies were queried for 

evidence of the LCORL retrocopy via BLAST using the LCORL cDNA sequence: The Dezhou 

donkey (Equus asinus) assembly ASM1607732v2 (67), and the plains zebra (Equus quagga) 

assembly UCLA_HA_Equagga_1.0 (70). The LCORL retrocopy sequences were extracted from 

the assemblies, aligned to the respective parent gene sequence using MUSCLE (71), and the 

number of SNPs between the retrocopies and parent gene were counted using SNP-sites (72). 

The retroCNV were then aged using an estimated mutation rate in horses of 7.24 x 10−9 

mutations/site/generation, with a generation time of 8 years (73, 74). The Southern white 

rhinoceros (Ceratotherium simum) and South American tapir (Tapirus terrestris) genome 

assemblies (75) were also searched for evidence of the LCORL retrocopies with BLAST using the 

LCORL cDNA sequence. To further confirm that no LCORL retrocopies were present in other 

Perissodactylas, WGS data from two species of rhinoceros (DRR308100, SRR20637451) and two 

species of tapir (SRR11097180, SRR13167957) were also queried via BLAST using a spliced 

LCORL sequence between exon 5 and exon 6 (Supplemental data 5). Phylogenetic analysis of 

the LCORL parent genes and retrocopies was performed using the previously identified 

retrocopy specific variants (supplemental table S10)  and the R package pvclust with 
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method.dist set to Euclidian (76). Information on weight, age, and digit status for the Equidae 

were obtained from previous publications (74, 77-80). 

DATA ACCESS 

The retroCNV insertion sites in bigBed format and a track hub for the UCSC Genome 

Browser are available at GitHub: https://github.com/klbatcher/retroCNV_insertions. 
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SUPPLEMENTAL FIGURES 

 

Supplemental Figure S1: Large number of expressed LCORL retrocopies in equids. A segmental 

duplication encompassing the MRPL15 gene on chromosome 9 contains the LCORL retrocopy 

insertion at chr9:30194359-30194380. 

 

Supplemental Figure S2: LCORL expression analysis in horse tissue. Percentages of total LCORL 

transcripts derived from the retroCNV is shown for each tissue type. The LCORL retrocopy 

comprised the majority of overall LCORL transcripts in all tissue types except testis.  
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Supplemental Figure S3: LCORL retrocopies are highly expressed in donkey tissue. The LCORL 

retrocopy comprised the majority of overall LCORL transcripts in all tissue types except testis. 

 

Supplemental Figure S4: Expression of the LCORL parent gene is comparable to expression in 

humans across tissue types.  
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Supplemental Figure S5: Increased expression of the segmentally duplicated MRPL15 gene in 

horses compared to humans. 
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Supplemental Figure S6: Overall expression of LCORL and MRPL15 in horses and donkeys. 
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Supplemental Figure S7: Long read RNAseq data viewed at the LCORL retrocopy insertion site. 

Chimeric reads were observed between the LCORL retrocopy and the nearby MRPL15 gene. 

Antisense reads highlighted in red were also observed at the insertion site.  




