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Abstract 

Epistaxis and sudden death due to cardiac events are substantial concerns in the Thoroughbred 

racing industry and often cannot be traced to a specific cause. Hematologic health in 

Thoroughbreds can be influenced by both inherited and induced conditions. To date, there have 

been five inherited bleeding disorders identified in the horse that all directly or indirectly affect 

coagulation protein concentration or function. Four also occur in other species, but one, Atypical 

Equine Thrombasthenia (AET), has only been diagnosed in Thoroughbred horses. AET is 

caused by platelets that cannot be properly activated by thrombin stimulation and also do not 

bind fibrinogen as efficiently, preventing affected horses from clotting normally after vascular 

injury. In racing Thoroughbreds, inducible causes for changes in red blood cell mass also lead 

to hematologic changes through illicit doping with recombinant erythropoietin (rHuEPO). This 

thesis will therefore use genomic tools to investigate both inherited and inducible hematologic 

disturbances that occur in the Thoroughbred racehorse. 

 

This thesis provides an overview of what is currently known about inherited equine bleeding 

disorders, identifies and investigates putative variants for AET, determines the optimal RNA 

sequencing library preparation for long non-coding RNA (lncRNA) studies in horses, and 

identifies transcriptomic markers of rHuEPO micro-dosing. The first chapter provides an 

overview of the current body of knowledge of inherited equine bleeding disorders. The second 

chapter describes a whole-genome variant analysis study that was performed using AET 

affected and control Thoroughbreds. Three associated variants that were to be located in or 

near genes expressed in platelets were identified for further study: SEL1L c.1810A>G 

p.Ile604Val, AL355838.1:g.26447375_26448962del, and VIPAS39:g.22685398_22685470del. 

Since the lncRNA AL355838.1 was identified, we sought to determine the best RNA sequencing 

library preparation method in the third chapter. Poly-A+ selection was determined to be better 
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overall for identifying lncRNA as compared to rRNA-depletion. 

AL355838.1:g.26447375_26448962del was subsequently excluded as it was not expressed in 

platelets. Based on molecular and functional studies, neither SEL1L c.1810A>G p.Ile604Val or 

VIPAS39:g.22685398_22685470del were conclusively identified as causative or excluded as 

putative variants and remain priorities for further investigation into the cause of AET. Lastly, 

chapter four identifies three transcriptomic markers (C13H16orf54, PUM2 and CHTOP) of 

rHuEPO micro-dosing using RNA sequencing (RNA-seq) of dosed and control Thoroughbreds 

that were on an exercise protocol comparable to the workload of a racehorse. However, reverse 

transcription quantitative PCR was not sensitive enough to replicate the differences observed 

with RNA-seq and thus, these are not suitable biomarkers to develop a commercial test to 

detect illicit rHuEPO micro-doping in racehorses.  

 

Future studies should focus on further clarifying the functional effects of SEL1L c.1810A>G 

p.Ile604Val and VIPAS39:g.22685398_22685470del in platelets to determine the causative 

variant for AET. Additional work is also required to identify alternative methods of quantifying 

mRNA that are feasible as a commercial test or investigating the corresponding protein 

concentrations of these candidate genes to determine if identification of illicit drug dosing can be 

performed at a protein level. 

 

This thesis also includes an addendum on the characterization of a novel heritable degenerative 

axonopathy identified in Quarter Horse foals. The disease was first identified by veterinarians 

who noted the close relation of the affected foals. This study, along with the studies on AET and 

rHuEPO biomarkers, emphasizes the important role that genomics can play in veterinary 

medicine to improve equine wellness while highlighting the value of collaborations between 

veterinarians and researchers.    
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Abstract 

Genetic bleeding disorders can have a profound impact on a horse’s health and athletic 

career. As such, it is important to understand the mechanisms of these diseases and how they 

are diagnosed. These diseases include hemophilia A, von Willebrand disease, prekallikrein 

deficiency, Glanzmann’s Thrombasthenia, and Atypical Equine Thrombasthenia. Exercise-

induced pulmonary hemorrhage also has a proposed genetic component. Genetic mutations 

have been identified for hemophilia A and Glanzmann’s Thrombasthenia in the horse. Mutations 

are known for von Willebrand disease and prekallikrein deficiency in other species. In the 

absence of genetic tests, bleeding disorders are typically diagnosed by measuring platelet 

function, vWF, and other coagulation protein levels and activities. For autosomal recessive 

diseases, genetic testing can prevent the breeding of two carriers. 
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Background 

Clotting is an essential biologic process. Several genetic bleeding disorders have been 

identified in horses, affecting the coagulation cascade and platelet function. These disorders are 

typically heritable and therefore passed down from parent to offspring. Genetic mechanisms 

have been identified for some equine bleeding disorders while others remain unknown. This 

review is focused on the genetics of equine diseases affecting the coagulation cascade and 

platelet function. 

 

Hemostasis testing 

Hemostasis tests are the cornerstone of diagnosing bleeding disorders across species. 

To appreciate how bleeding disorders in horses are diagnosed, it is necessary to understand 

how several of these tests work. Platelet count is important as it can indicate an ongoing 

disease or infection if the count is higher or lower than the normal range (94-232 x 103/uL at 

Cornell Clinical Pathology Laboratory). In addition to assessing overall platelet number on a 

complete blood count, a basic large animal coagulation panel, which includes activated partial 

thromboplastin time (aPTT), prothrombin time (PT), and fibrinogen, should be evaluated. The 

first two quantify the time for blood to clot following the addition of standard amounts of agonists 

to plasma. Blood is drawn into a tube that contains citrate which acts as an anticoagulant by 

binding all the extracellular calcium. Plasma is separated by centrifugation and removed. An 

excess of calcium is added to the plasma to allow it to clot. To determine aPTT, an activating 

substance for Factor XII (e.g. silica, celite, kaolin, ellagic acid) is added to simulate the intrinsic 

(also known as the contact) pathway [1]. To determine PT, tissue factor is added to activate the 

extrinsic pathway [1]. To measure fibrinogen activity, thrombin is added to plasma and the time 

it takes for a clot to form is optically measured and compared to a reference interval [1]. The 
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amount of fibrinogen is also compared to a species-specific standard curve to quantify how 

much fibrinogen is present in a volume of blood [1]. It is important to also keep in mind that 

increased fibrinogen can also be indicative of inflammation, not just a bleeding disorder [2]. 

Some laboratories also include the test for fibrin degradation products (FDPs) or D-dimers that 

are the result of the breakdown of a clot. FDPs and D-dimers differ in that D-dimers include the 

smallest crosslinked dimers of fibrin degradation products, while FDP measures all degradation 

products. This is an important distinction because the crosslinking only occurs when a clot is 

formed while fibrinogen breakdown can happen in the absence of clot formation. As such, D-

dimer levels are more informative of clotting. The tests for FDPs and D-dimers are similar, 

consisting of using latex particles covered with antibodies against FDPs or D-dimers [1]. If FDPs 

or D-dimers are present, they will bind to the antibodies, causing the latex particles to bind 

together [1]. The extent to which the latex particles aggregate is quantified [1]. FDP and D-

dimers levels generally are not informative for diagnosing genetic bleeding disorders.  

Additional hemostasis tests important for diagnosing bleeding disorders include protein 

level and activity assays. The most well-known are probably factor assays where coagulation 

factor levels are measured. The primary method of diagnosing hemophilia A in horses is 

measuring factor VIII (FVIII) coagulant activity (FVIII:C). In this assay, horse plasma is mixed in 

various standard quantities with plasma that is deficient in FVIII. The amount of time it takes for 

each mixture to clot is measured, plotted, and compared to a standard curve to determine the 

levels of FVIII present [1]. If below the reference interval (50–200% at Cornell Comparative 

Coagulation Laboratory), the horse is considered deficient. Another important protein for 

diagnosing bleeding disorders is von Willebrand Factor (vWF). Two tests are typically used to 

measure vWF levels and function. The total plasma vWF antigen (vWF:Ag) quantifies vWF 

using an enzyme-linked immunosorbent assay (ELISA). Anti-vWF antibodies are used to 

specifically bind to vWF. These antibodies are also conjugated to an enzyme that reacts with a 
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subsequently added substrate to produce color which is quantified. vWF levels can then be 

measured against a standard curve. A second test measuring vWF activity uses ristocetin 

cofactor (vWF:RCo). Ristocetin is an antibiotic that induces binding of vWF to platelet 

glycoprotein Ib-IX-V, resulting in platelet-platelet aggregation which is then measured with an 

aggregometer. The rate of aggregation can be used to determine the levels of vWF. High 

molecular weight vWF multimers are visualized using agarose gel electrophoresis which is 

important when diagnosing the subtype of vWD. The severity of signs and total level of vWF 

present are used to split vWD into three different types (types 1, 2, and 3). Additionally, type 2 

segregates into four subtypes (A, B, M, N), depending on quantity of high molecular weight 

multimers and abnormal binding affinity. 

A method to specifically investigate platelet function in whole blood is 

thromboelastography. This method evaluates at the changes in the viscoelastic properties of 

whole blood during aggregation and fibrinolysis. Whole blood is placed in a reaction cup that 

oscillates along with an agonist (ex. kaolin) and calcium [3]. As the clot forms, tension is applied 

to a wire connected to a pin in the cup [3]. This tension is translated into an output trace. From 

this trace, multiple variables can be calculated, including the time it takes for clot to start 

forming, fibrinogen concentration, and strength of clot [3]. Lastly, a controversial method for 

testing platelet function in vivo is measuring template bleeding time (TBT). Briefly, this is done 

via a standard size shallow incision on the horses’ forelimb and paper is used to absorb the 

blood [4]. The time from incision to when the bleeding stops is measured [4]. There is no 

standardized reference range for horses, and it has been published that TBT has wide variability 

between healthy horses [5]. However, a horse that consistently has a highly prolonged TBT 

likely has a bleeding disorder. 

The results from a basic coagulation panel as well as subsequent tests can provide 

directions for the next steps in a diagnosis and treatment plan.  
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Inherited equine disorders affecting the coagulation cascade 

The coagulation cascade describes the series of physiological events, including 

enzymatic activation of protein and recruitment to sites of injury, within the vasculature leading 

to hemostasis. Inherited equine disorders affecting this cascade include hemophilia A and 

prekallikrein deficiency. 

 

Hemophilia A: Hemophilia A, caused by mutations in the F8 gene that lead to FVIII deficiency, 

leads to recurrent bleeding. Hematomas are also often reported [6–8]. Under physiological 

conditions, in response to tissue injury, thrombin becomes activated through the clotting 

cascade which in turn cleaves FVIII into its active form (FVIIIa). Then, FVIIIa acts as a co-factor 

to factor IXa (FIXa), activating factor X (FX) leading to the cleavage of prothrombin into more 

thrombin which has positive feedback on several coagulation factors. In horses affected with 

hemophilia A, a severe deficiency in FVIII results in a decreased ability to maintain this cascade, 

so a clot does not properly form. 

In horses with hemophilia A, aPTT is typically prolonged, PT is normal, and fibrinogen 

levels are decreased. However, as noted above, inflammation can increase fibrinogen activity, 

thus this should be taken into account during diagnosis [2]. The primary method of diagnosis is 

measuring FVIII:C. If the horse is deficient for FVIII, hemophilia A is the likely cause of abnormal 

bleeding. Horses that are carriers for hemophilia A typically have lower levels of FVIII, 

sometimes even below the reference range [7]. However, they do not have bleeding problems. 

The mode of inheritance of hemophilia A is X-linked recessive since F8 is on the X-

chromosome. Affected females have two non-functional copies and males have one non-
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functional copy of the F8 gene. As such, hemophilia A is more common in males, with all of the 

published records in male horses [6,9–14].  Hemophilia A has been reported in Thoroughbreds 

[7,10,11,15,16], Standardbreds [9,14],  Quarter Horses [12,13], an Arabian [8], and a 

Tennessee Walker [6]. Other types of hemophilia (B and C) where other coagulation factors are 

deficient have been identified in humans [17,18], dogs [19–23], and cats [24]; however, 

hemophilia A is the only type that has been conclusively identified in horses. The hemophilic 

Arabian was reported to have deficiencies of other factors, though not to the extent that is 

usually seen in hemophilic individuals. While hemophilia A is the most common genetic bleeding 

disorder in horses, the genetic cause has only recently begun to be investigated. A Tennessee 

Walker affected with hemophilia A was found to have a four base pair (bp) deletion (EquCab3.0 

chrX:127,502,317–127,502,314delAACA) and two linked single nucleotide polymorphisms 

(EquCab3.0 chrX:127,502,303G>C, chrX:127,502,320G>A) in intron 1 of F8 [6]. This horse did 

not have detectable FVIII protein, though the authors discuss that the antibody used was not 

horse-specific and likely could not detect very low protein levels. However, they also determined 

that exons 1-2 could not be amplified from FVIII mRNA, and it was hypothesized that the intron 

1 variants affected splicing [6]. In people, hemophilia A is very heterogeneous, with almost 

3,000 causative variants identified [25]. Thus, there are likely other undiscovered genetic 

causes for hemophilia A in the horse. 

 

Prekallikrein deficiency: Prekallikrein deficiency is a rare blood disorder in the horse. In healthy 

animals, factor XII (FXII) binds to the damaged endothelial surface and auto-activates to FXIIa. 

FXIIa then activates prekallikrein into plasma kallikrein, an additional activator of FXII, resulting 

in a positive feedback loop. FXIIa also plays a role in activating other coagulation factors leading 

to clot formation. Without functional prekallikrein, FXII is not activated as efficiently and can lead 
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to abnormal bleeding. However, the phenotype can be quite subtle, as this is not the only 

pathway of coagulation factor activation. 

Prekallikrein deficiency causes prolonged aPTT with normal PT and fibrinogen levels 

[26,27]. Prekallikrein levels are measured similarly to FVIII:C where patient plasma is mixed with 

prekallikrein-deficient plasma and the time to clot is measured. The times are compared to a 

standard curve to quantify the level of prekallikrein present.  

Prekallikrein deficiency has only been identified in two horse families, a Belgian family 

and a miniature horse family [26,27]. The initial Belgian horses bled excessively following 

castration and had normal levels of factors VIII, IX, XI, XII as well as a platelet count within the 

reference range [26]. However, prekallikrein deficiency does not always have obvious signs as 

in the case of the miniature horse [27]. The miniature horse was initially examined due to a 

metatarsophalangeal joint varus deformity. No other physical abnormalities were identified. The 

authors collected blood and observed its failure to clot after 30 minutes, prompting further 

investigation and the identification of prekallikrein deficiency [27]. There was no history of 

abnormal bleeding [27]. A full sister to the miniature horse also had low levels of prekallikrein 

and no abnormal bleeding was reported [27]. Similarly, the Belgian that bled excessively had 

two full siblings with low levels of prekallikrein but no obvious coagulopathy [26]. This 

demonstrates that, similar to what is found in people, prekallikrein deficiency does not typically 

lead to a severe bleeding phenotype compared to the other hemostatic disorders. It may be 

important to note that neither of these papers include information about platelet function (ex. 

thromboelastography) or vWF testing, possibly due to the resources available at the time of 

publication. Thus, there could be more going on than prekallikrein deficiency resulting in the 

abnormal bleeding. While a genetic cause for prekallikrein deficiency has not been elucidated in 

the horse, causative variants have been identified in the kallikrein B1 gene which encodes 

prekallikrein in people and dogs [28–32]. The mode of inheritance for prekallikrein deficiency 
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has only been investigated in people, where it was shown to be inherited as an autosomal 

recessive trait [33]. Prekallikrein deficiency is also difficult to identify, likely due to normal clotting 

in vivo.  

 

Figure 1.1: Schematic of coagulation factor signaling pathway affected by prekallikrein deficiency and 

hemophilia A. Red ovals indicate the step in the pathway where each disease affects coagulation 

signaling. Gray arrows indicate thrombin positive feedback. 

 

Inherited equine disorders affecting platelet function 

Platelets are essential to the clotting process as these anucleate cells activate, adhere to 

the subendothelium, bind fibrinogen, and aggregate to form a clot. Without normal platelet 

function, blood cannot clot properly. Platelet function disorders identified in the horse include 

von Willebrand Disease (vWD), Glanzmann’s Thrombasthenia (GT), and Atypical Equine 

Thrombasthenia (AET).  
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Von Willebrand disease (vWD): vWD can result in epistaxis and abnormal bleeding after mild 

trauma or surgery. vWD is typically caused by mutations in the von Willebrand Factor gene, 

though acquired vWD has been reported rarely in humans and dogs [34–36]. The encoded 

protein (vWF) is a multimeric plasma glycoprotein that has several different roles. vWF binds to 

inactive FVIII to prevent degradation by activated protein C. vWF also binds to collagen that is 

exposed in damaged vascular sub-endothelium. Once vWF is bound to collagen, it can interact 

with platelets through the glycoprotein complex Ib-IX-V on the platelet membrane, which tethers 

the platelet to the site of injury. However, this interaction is not sufficient to make platelets firmly 

adhere to the site of injury. vWF binding to integrin αIIbβ3 provides a more stable platelet 

adhesion. Adenine diphosphate (ADP) and its receptors also play a necessary role in vWF-

mediated adhesion. ADP is released from platelet dense granules as well as damaged red 

blood cells and can activate platelets by binding to receptors P2Y1 and P2Y12. Both receptors 

have been shown to be important in platelet aggregation after platelet adhesion to vWF bound 

to collagen [37]. ADP is also necessary for complete integrin αIIbβ3 activation and subsequent 

platelet adhesion [38]. Additionally, upregulated integrin αIIbβ3 binds to fibrinogen and engages 

in bidirectional signaling. While this signaling mediates platelet spreading, it also is regulated by 

glycoprotein VI (GPVI) and α2β1. GPVI binds directly to collagen and is a major agonist for initial 

platelet activation. Integrin α2β1 also is a major collagen receptor but requires inside-out 

activation. Another primary method of outside-in platelet activation is cleavage of a protease 

activated receptor on the platelet surface by thrombin which is quickly produced and activated 

by factor Xa, usually in a complex with factor V. Without sufficient levels or activity of vWF, 

platelets may not be able to protect FVIII from degradation, adhere to subendothelial collagen, 

or bind to platelet membrane proteins to tether platelets at the site of injury, leading to prolonged 

bleeding. 
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Horses affected with vWD may have mildly prolonged aPTT, but PT and fibrinogen are 

usually within normal ranges [39,40]. vWF:Ag and/or vWF:RCo will also be decreased 

depending on the type of vWD. When run on an agarose gel, the vWF may not be the correct 

size. vWD has been split into three types of which type 2 segregates into four subtypes to 

account for the variability of the disease. Type 1 describes a deficiency of vWF. In type 2 vWD, 

there is sufficient vWF, but it does not work properly. Subtype 2A indicates that the vWF 

multimers are not the correct size whereas subtype 2B indicates that vWF also is overly active. 

Subtype 2M describes vWF not being able to attach to the platelets. In subtype 2N, vWF does 

not bind properly to FVIII. Lastly, type 3 has very minimal levels of vWF.  

vWD has been reported in two Quarter Horses [40,41] as well as a Thoroughbred mare 

and her colt [39]. The Quarter Horse filly [41] and the Thoroughbreds [39] were reported to have 

vWD type 2A characterized by decreased vWF activity and deficiency of high molecular weight 

vWF multimers. The Quarter Horse colt was hypothesized to have vWD type 1 due to signs of 

sufficient amounts of high molecular weight multimers [40]. However, formal subtyping was not 

performed [40]. No genetic mechanisms have been elucidated to date in the horse. There have 

been about 750 mutations identified in the human vWF gene associated with vWD [42] and at 

least four mutations associated with vWD in various dog breeds [43–46].  vWD has been 

observed to act in both a dominant and recessive mode of inheritance in humans depending on 

the specific mutation [42] and a recessive mode of inheritance in dogs [43–46]. Based on the 

few reports of vWD in horses, it does not appear to occur as frequently as it does in humans 

and dogs. To date, there are no studies on the mode of inheritance of vWD in the horse. 

 

Glanzmann’s Thrombasthenia (GT): Hallmarks of GT include epistaxis and prolonged bleeding. 

GT is caused by mutations leading to a loss of function or deficiency of integrin αIIbβ3. This 

integrin is composed of two subunits encoded by two different genes (ITGA2B and ITGB3). A 
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deleterious mutation in either gene leads to GT. Integrin αIIbβ3 is located on platelet 

membranes as well as on the platelet alpha granule membrane and binds fibrinogen, allowing 

activated platelets to aggregate and form a clot at the site of injury. With GT, there is either not 

enough integrin αIIbβ3 or αIIbβ3 does not properly bind to fibrinogen, inhibiting clot formation. In 

horses, there have only been reports of GT where there is an absence or very low expression of 

αIIbβ3.  

The coagulation panel results in horses with GT remain within normal ranges. However, 

there is abnormal clot retraction and decreased platelet aggregation. Clot retraction is measured 

by drawing blood into a glass tube without anticoagulant and measuring the weight of the clot as 

well as the volume of remaining plasma upon complete contraction, compared with blood from 

control horses. It can also be assessed visually. Platelet aggregation, measured by an 

aggregometer, is determined by adding various agonists (e.g. adenine diphosphate (ADP), and 

collagen) to platelet-rich plasma. Thromboelastography has also been used as a diagnostic tool 

for GT. In one affected horse, clot formation time was increased and the clot was not as strong 

as a control horse [47]. While these tests can all suggest GT, they do not provide a conclusive 

diagnosis. Flow cytometry or western blot should be used to quantify αIIbβ3 protein levels with 

decreased protein expression indicating GT [47]. Ideally, a causative mutation identified in either 

ITGA2B and ITGB3 would also confirm a GT diagnosis.  

Two different mutations have been identified in the horse to cause GT. A missense 

mutation (Arg41Pro) in exon 2 of ITGA2B was identified in a Thoroughbred and an Oldenburg 

[48,49]. A 10 bp deletion in ITGA2B (EquCab3.0 chr11:19,247,983–

19,247,992delCAGGTGAGGA) spanning the junction of exon 11 and intron 11 was identified as 

causative in a Peruvian Paso [50]. A GT-affected Quarter Horse was found to be a compound 

heterozygote for both of these variants [51]. Family studies have not been performed to look at 

the mode of inheritance of GT in horses, though GT has been observed to have a recessive 
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mode of inheritance in humans [52]. Based on the parental and sibling genotypes included in 

the literature, it appears that horses have the same mode of inheritance [48,51]. 

 

Atypical Equine Thrombasthenia (AET): AET is caused by abnormal platelet signaling leading to 

epistaxis and abnormal clotting after injury [53,54]. While pedigree analysis indicates that AET is 

heritable, the genetic cause has not yet been elucidated. The biochemical differences, however, 

have been thoroughly investigated. A number of proteins in the thrombin signaling pathway are 

decreased in quantity or activity in affected horses [53]. The biochemical hallmark of AET is that 

thrombin stimulated platelets from affected horses do not activate normally and bind fibrinogen 

less efficiently [55]. However, they do respond normally to other agonists (ADP) [55]. This is in 

contrast to GT where platelet aggregation is absent in response to all agonists.  

An AET-affected horse was reported to have normal aPTT and slightly decreased PT 

[54]. Some factor activity was below the reference range, but this is more likely a result of long-

term bleeding than indicative of factor deficiency. Additionally, the TBT was increased [54]. 

Currently, there is no readily available test that can be used to diagnose AET. It must be 

diagnosed via a fibrinogen-binding assay that uses thrombin as the stimulant after platelets 

have been confirmed to respond normally to ADP [55]. However, this test has high inter- and 

intra-individual variability, indicating the need for a more precise diagnostic tool (unpublished, 

Tablin lab). 

The first horse diagnosed with AET was a mare and identified when she could not clot 

after pin firing. Subsequently, one of her offspring was diagnosed with the disease and her other 

offspring had inconclusive results with the fibrinogen-binding assay [55]. At this time, AET has 

only been identified in Thoroughbreds. Within a single breeding and training farm, AET had a 

prevalence of every one in 150 Thoroughbreds [56]. 
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Figure 1.2: Schematic of coagulation factor and platelet signaling pathways affected by vWD, GT, and 

AET. Red ovals indicate the step in the pathway where each disease affects coagulation signaling. Gray 

arrows indicate thrombin positive feedback. 

 

Other bleeding disorders 

Exercise-induced pulmonary hemorrhage (EIPH): EIPH describes any hemorrhage in the lungs, 

typically resulting from intense physical exercise. It is generally thought to be caused by a cyclic 

pattern of increased pulmonary vascular pressures leading to thickening of pulmonary vein walls 

and vice versa. Together, this leads to pulmonary capillary failure and blood leaking into the 

interstitial and alveolar spaces in the lung. However, while it is not always consistent [57], some 

have shown in Thoroughbreds and Standardbreds that platelets in EIPH-affected horses may 

not be as responsive to ADP stimulation as compared to control horses [58,59]. Thus, there 

may be an unknown mechanism involving decreased platelet function in affected horses. 

Horses that already have decreased coagulation signaling or platelet dysfunction from an 
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inherited disorder are likely at a higher risk for hemorrhagic disorders, including EIPH,. EIPH 

has a high frequency in Thoroughbreds (44[60] –75%[61]), Standardbreds (87%[62]), and 

Quarter horses (62.3%[63]). The heritability of EIPH has been investigated in Thoroughbreds 

and found to be between 0.23 and 0.5, depending on the population and model used [64,65]. In 

these retrospective studies, EIPH was defined as presence of blood in nostrils. EIPH is also 

diagnosed via endoscopy and bronchoalveolar lavage as hemorrhaging in the lungs is not 

always severe enough to cause epistaxis. A small (n=6) study in Standardbreds indicated that 

PT and aPTT are all within the reference range [66]. One complication of EIPH diagnoses is that 

other potential causes for hemorrhaging should be excluded. Hemophilia A, vWD, GT, and AET 

have all been reported to cause epistaxis [6,8,39,48,50,54] and potentially contribute to the 

previously determined heritability of EIPH. While most of these bleeding disorders would likely 

prevent a horse from becoming a successful racehorse, AET has not been reported to have as 

severe of a phenotype. Thus, if truly at a high frequency [56], AET could potentially influence the 

calculated EIPH heritability. However, additional research is necessary to further elucidate the 

role genetics and platelet function play in EIPH. 

 

Conclusion 

Abnormal bleeding can arise from coagulation factor deficiency, decreased platelet 

function, strenuous exercise, and primary medical conditions. Genetic variants can lead to factor 

deficiencies, abnormal platelet function, and potentially increase risk of bleeding during 

exercise. To date, causative genetic mutations have only been identified for hemophilia A and 

GT in the horse. However, the genetic mechanisms for vWD and prekallikrein deficiency are 

known in humans and dogs. Similar future discoveries will therefore likely be made in horses. 

The genetic mechanism for AET remains unknown. These inherited bleeding diseases may 
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contribute to the risk for EIPH, and EIPH has been shown to potentially have a heritable 

component. However, additional studies are required to understand the interaction between 

genetics and EIPH. 

Coagulation, platelet function, and molecular tests are currently used to diagnose 

bleeding disorders either through direct tests of the coagulation factors or by process of 

elimination. Identified carriers of autosomal recessive traits should not be bred to other carriers. 

Ideally, the mutation causing the bleeding disease in the affected offspring should be identified 

and a genetic test developed to assist in making breeding decisions.  

 

Table 1.1: Summary of bleeding disorders with a genetic component 

Disease Clinical signs Diagnostic findings 

Hemophilia A 
Recurrent 
bleeding, 

hematomas 

Prolonged aPTT, highly deficient 
FVIII:C, decreased fibrinogen, 

normal PT, normal FDP/d-dimers 

Prekallikrein 
deficiency  

Abnormal 
bleeding, often 
asymptomatic 

Prolonged aPTT, deficient 
prekallikrein levels, normal PT, 

normal FDP/d-dimers 

von Willebrand 
disease 

Epistaxis, 
abnormal bleeding 

after trauma or 
surgery 

Decreased vWF:Ag, decreased 
vWF:RC, smaller multimers, 

mildly prolonged aPTT, normal 
PT, normal FDP/d-dimers 

Glanzmann's 
Thrombasthenia  

Epistaxis, 
prolonged 
bleeding 

Abnormal clot retraction, 
decreased platelet aggregation to 

all agonists, increased clot 
formation time, decreased clot 

strength, decreased protein 
expression of αIIbβ3, normal PT, 

normal aPTT, normal FDP/d-
dimers 

Atypical Equine 
Thrombasthenia  

Epistaxis, 
abnormal bleeding 

after injury 

Increased TBT, abnormal platelet 
response to thrombin stimulation, 

slightly decreased PT, normal 
aPTT, normal FDP/d-dimers 
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Exercise-
induced 

pulmonary 
hemorrhage 

Epistaxis, poor 
performance 

Visual inspection, endoscopy, 
bronchoalveolar lavage, normal 

PT, normal aPTT, normal FDP/d-
dimers 
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Abstract 

Atypical Equine Thrombasthenia (AET) is a heritable platelet disorder that, to date, has only 

been identified in the Thoroughbred breed. Aberrant cell signaling after thrombin stimulation 

prevents platelets from efficiently binding to fibrinogen, leading to abnormal clotting. Affected 

Thoroughbreds can experience repeated hematoma formation and prolonged bleeding after a 

vascular injury. Despite the negative effect on horse health and performance, the underlying 

etiology of AET is unknown, though pedigrees of affected horses indicate that AET is heritable. 

A whole-genome association study using five affected, one equivocal, and eleven control 

Thoroughbreds identified an associated haploblock on chromosome 24. Three putative variants 

in this block were determined to be located in or near genes known to be expressed in platelets: 

SEL1L c.1810A>G p.Ile604Val, AL355838.1:g.26447375_26448962del, and 

VIPAS39:g.22685398_22685470del. RT-PCR excluded the variant in AL355838.1, and no 

significant differential expression of SEL1L or VIPAS39 was identified at the transcript level. 

However, there was a significant decrease in SEL1L protein expression in AET-affected 

platelets. It was determined that SEL1L is located intracellularly, but not in the α-granule, and 
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moves to the surface of the platelet upon activation with thrombin. Functional investigations 

using a collagen spreading assay yielded significant differences for horses that were 

homozygous for the SEL1L variant, but template bleeding times did not yield significant 

differences. Additional studies are required to definitively identify the resulting functional effects 

of the prioritized SEL1L c.1810A>G p.Ile604Val and VIPAS39:g.22685398_22685470del 

variants in conjunction with the AET phenotype. 

 

Introduction 

Atypical Equine Thrombasthenia (AET) is a heritable platelet disorder that, to date, has only 

been identified in the Thoroughbred breed [1]. One prevalence study has been performed and 

demonstrated that on a single breeding farm, one in every 150 Thoroughbreds (TBs) was 

affected [1]; however, the frequency of the disease in the general TB population is not known. 

AET inhibits platelets response to the physiological agonist thrombin, leading to abnormal 

bleeding after vascular injury [2,3]. Furthermore, this inhibition can result in prolonged bleeding 

and, in one reported case, epistaxis during racing [2]. A diagnostic method has been developed 

using flow cytometry to quantify the amount of fibrinogen bound by platelets after thrombin 

activation [3]. However, this diagnostic test is time-intensive and requires specialized equipment 

[3], which prevents affected horses from being readily and conclusively diagnosed on the 

racetrack or in the clinic. The potentially severe effects on horse health and racing career as 

well as the difficulty in diagnosing the disease, demonstrate the need to further understand the 

etiology of AET and develop a genetic test to identify affected horses.  

 

Typically, when a horse is injured, clotting factors are stimulated in the damaged vessels, 

leading to the conversion of prothrombin to thrombin, the most potent activator of platelets. 

Other primary physiological agonists include adenosine diphosphate (ADP) and collagen. Once 
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platelets are activated, they bind fibrinogen, allowing them to aggregate and adhere to the site 

of injury. Thrombin also cleaves fibrinogen into fibrin, an insoluble protein that forms a net-like 

structure gathering platelets and other blood cells forming a stable blood clot [4]. 

 

Detailed biochemical assays have determined steps in this pathway that are aberrant in AET-

affected horses’ platelets. Coagulation factors were found to be within normal limits, 

demonstrating that AET is caused by changes in the platelets [2]. Platelet aggregometry 

studies, using physiological agonists, demonstrate that AET platelets respond normally to ADP, 

only respond to collagen with supplementary calcium, and have a minimal response to the most 

potent agonist, thrombin [2,3]. Further research has identified biochemical differences in the 

AET platelet response to thrombin. Subsequent to activation, the membrane phosphoinositol 

pathway is upregulated resulting in the eventual phosphorylation of protein kinase B (AKT) and 

release of platelet alpha granule contents. AET platelets have disruptions in the phosphoinositol 

activation pathway, as evidenced by decreased levels of phosphatidylinositol-3,4,5-

trisphosphate 5-phosphatase 1 (SHIP1) in the platelet membrane, as well as the increased 

association of PIK3C2B, a phosphoinositide 3-kinase (PI3K) subunit with the membrane. These 

two changes likely impact the phosphorylation of AKT and downstream α-granule release [5]. 

The α-granule protein Factor V is critical for the acceleration of thrombin activation. AET platelet 

α-granules contain similar levels of Factor V to control platelets; however, the amount of Factor 

V released from AET platelet α-granules is decreased (Fig. 2.1) [5]. This suggests a failing in 

the exocytosis of α-granules by activated platelets. 
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Figure 2.1. Summary of thrombin signaling pathway. 

 

The goal of this study was to identify the causative variant for AET to guide the development of 

a genetic test. Due to the known biochemical changes, we initially hypothesized that a genetic 

variant within a gene coding for one of these proteins in the thrombin signaling pathway is 

responsible for AET. However, after a candidate gene approach using whole-genome 

sequencing data did not yield any variants that segregated with disease phenotype, we 

broadened our hypothesis to genetic variants in a gene that encodes a protein involved in the 

thrombin signaling pathway.  

 

Methods 

Horses and whole genome sequencing 
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Seventeen TBs were identified as AET-affected (n=5), control (n=11), or equivocal (n=1) in a 

previously published study [1]. Briefly, platelets were activated with thrombin and the amount of 

fibrinogen the platelets bound was quantified via flow cytometry and compared to the average of 

three unaffected horses [3]. The assay was performed using at least two technical replicates per 

horse. A strict cut-off of 35% of fibrinogen bound by platelets or less compared to control horses 

was used to definitively diagnose affected horses. Whole-genome sequencing was performed 

on these 17 horses using an Illumina HiSeq 2500 at a targeted 50x coverage with paired end 

150 base-pair (bp) reads. 

 

Variant analysis 

Raw reads were trimmed with Trimmomatic [6], mapped to the EquCab3.0 reference genome 

[7] using Burrows-Wheeler Aligner (BWA-MEM) [8], and sorted by coordinate with samtools [9]. 

PCR duplicates were removed with Picard tools (http://broadinstitute.github.io/picard/). 

Integrative Genome Viewer (IGV) [10], was used to genotype all horses for the two variants 

shown to cause Glanzmann’s Thrombasthenia [11–14]. Freebayes [15] was used to call single 

nucleotide variants (SNVs) and small insertions/deletions. Delly was used to identify larger 

structural variants [16]. The functional effects of the variants were predicted using SnpEff [17], 

and the variants were filtered by segregation using Fischer’s Exact Test with SnpSift [17]. 

PlateletWeb (http://plateletweb.bioapps.biozentrum.uni-wuerzburg.de/plateletweb.php) was 

used to identify variants in and near genes known to be expressed in human platelets. 

KaryoploteR [18] was used to identify haploblocks among the variants that were P<0.0001. 

 

Candidate gene approach 

A list of candidate genes was developed from the previous biochemical work [5] on AET-

affected platelets mentioned above (Fig. 2.1). Genes that encode known aberrant proteins 

(AKT1, AKT2, F5, SHIP1, PIK3C2B) were prioritized as candidate genes. Additionally, since 



 
 

31 
 

aberrant protein activity has only been identified within the thrombin signaling pathway, 

prothrombin (F2) and the thrombin receptor (F2R), which encodes protease-activated receptor 1 

(PAR1) were included as candidate genes. Other subunits and classes of PI3K (PIK3C2A, 

PIK3C2G, PIK3CA, PIK3CB, PIK3CG, PIK3R1, PIK3R4, PIK3R5, PIK3R6) were also added.  

One kilobase of sequence before and after the genes was included to account for the 5’ and 3’ 

untranslated regions that could harbor regulatory variants. The functional effects of the variants 

were predicted using SnpEff [17], and the variants were filtered by segregation using Fisher’s 

Exact Test with SnpSift [19]. 

 

RNA isolation and reverse transcription PCR 

All identified variants across the whole genome were filtered by P-value (P<0.0001) with SnpSift 

[17], predicted effect on protein function (Freebayes variants only; HIGH and MODERATE), and 

expression in platelets which yielded three candidate variants – SEL1L c.1810A>G p.Ile604Val, 

AL355838.1:g.26447375_26448962del, and VIPAS39:g.22685398_22685470del. For all three 

candidate variants, reverse transcription PCR (RT-PCR) was performed to determine gene 

expression in equine platelets. Blood was drawn into acid citrate dextrose tubes from one horse 

that was wild type (WT) for all three variants. Platelets were separated from the whole blood by 

density centrifugation, treated with prostaglandin E1, and leukocyte depleted using an anti-

equine F6 antibody generously provided by Dr. Jeff Stott. RNA was extracted from the platelets 

using a phenol-chloroform phase separation protocol, as previously described [20]. Turbo 

DNase (Thermo Fisher Scientific, Waltham, MA) was used to ensure there is no DNA 

contamination. Superscript III (Thermo Fisher Scientific, Waltham, MA) was then used to 

reverse transcribe 500 ng of RNA into cDNA. Primers that yield products spanning two exons 

were designed for SEL1L and the upstream lncRNA. To ensure that the primers (Supplemental 

Table 2.S1) amplified the targeted sequence, end-point PCR was performed on cDNA from 

testicular tissue, where the transcripts were known to be expressed [21].  
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Genotyping additional horses 

A larger population of 114 TBs, including some of the WGS horses that had been phenotyped 

with the flow cytometry diagnostic method [1,3] were genotyped for the two remaining variants 

(SEL1L c.1810A>G p.Ile604Val and VIPAS39:g.22685398_22685470del). Polymerase chain 

reaction-restriction fragment length polymorphism (PCR-RFLP) was used to genotype the 

SEL1L missense variant (Supplemental Table 2.S1). The restriction enzyme HpyCH4III cuts at 

the alternate allele allowing for distinction between the reference and alternate alleles. The 

VIPAS39 deletion was large enough to visualize on a gel (Supplemental Table 2.S1). An 

ANOVA was performed to identify significant differences between genotypes with significance 

was set at P<0.05. 

 

  



 
 

 
 

 

Table 2.S1. Primer Sequences 

Primer Target Coordinates Forward Reverse 

SEL1L transcript chr24:26,074,490-26,076,942 CCTAGCACTCTGCAAATTAGGC CAAGTTGGGTGAAGACATCTCG 

VIPAS39 

transcript 
chr24:22,684,454-22,686,432 CAGGACCCTGAGAAACGAAA CCAGGAGCGTGTAATGGTCT 

lncRNA transcript chr24:26,327,936-26,328,024 CTGCTGAGCTCTCTGGGTGT CAGCTGGAGTGACTGAGCATT 

SEL1L genotyping chr24:26,080,981-26,082,166 CAACGTCAGTGCCAAATCC ACATTGCCTTTCCAGCAGTC 

VIPAS39 

genotyping 
chr24:22,685,271-22,685,559 TGAGCCACAGCCACTTGTTA TTCCAGACCCGTCTAGCATC 

ACTB transcript chr13:4,382,919-4,383,011 AAGGAGAAGCTCTGCTATGTCG GGGCAGCTCGTAGCTCTTC 

3
3
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Reverse transcription quantitative PCR (RT-qPCR) for SEL1L (c.1810A>G p.Ile604Val ) 

and VIPAS39 (g.22685398_22685470del) variants 

Reverse transcription quantitative PCR (RT-qPCR) was performed to determine if there was 

differential expression of SEL1L or VIPAS39 since RT-PCR had excluded the 

AL355838.1:g.26447375_26448962del variant. Platelets and RNA were isolated as described 

for RT-PCR from horses genotyped for both SEL1L c.1810A>G p.Ile604Val (n=12 WT, 6 

heterozygous, 2 homozygous) and VIPAS39:g.22685398_22685470del (n=16 WT, 3 

heterozygous, 1 homozygous). Complementary DNA was run in triplicate using SYBR green on 

an AriaMx Real-Time PCR System (Agilent, Santa Clara, CA). The housekeeping gene ACTB 

was used for normalization (Supplemental Table 2.S1). The ΔΔCt values were calculated to 

determine differential transcript expression of SEL1L between healthy and AET-affected TBs. 

Due to the small sample size, a Kruskal-Wallis test was used to determine differential 

expression of SEL1L or VIPAS39 between genotypes with significance set at P<0.05. 

 

Flow cytometry 

Since SEL1L c.1810A>G p.Ile604Val was a missense variant and predicted to have a moderate 

effect on protein function, it was prioritized for functional studies. Blood was drawn into acid 

citrate dextrose tubes from n=7 WT TBs, 5 TBs heterozygous, and 2 TBs homozygous for 

SEL1L c.1810A>G p.Ile604Val. Platelets were separated from whole blood by density 

centrifugation. Washed equine platelets were fixed in 1% paraformaldehyde, permeabilized in 

0.1% NP-40 and labeled with a monoclonal SEL1L antibody conjugated to AlexaFluor488 

(Santa Cruz Biotechnology, Dallas TX) and a monoclonal P-Selectin antibody conjugated to 

APC (Invitrogen, Waltham, MA). Samples were analyzed on a Beckkman Coulter FC500 flow 

cytometer and data analyzed with FlowJo. A Kruskal-Wallis test with multiple comparisons was 



 

35 
 

used to determine if any differential protein expression of SEL1L was significant, with a false 

discovery rate (FDR) correction for multiple testing. Significance was set at PFDR<0.05. 

 

Immunofluorescence 

Washed platelets were obtained from three homozygous reference and three homozygous 

alternate TBs. Resting platelets (10 x 106 plt/mL) were incubated on poly L-lysine coverslips 

(37oC/1hr). Platelets from the same horses (10 x 106 plt/mL) were activated with thrombin 

(bovine alpha-thrombin, Haematologic technologies, Essex Junction, VT) and then incubated on 

poly L-lysine coverslips (37oC/1hr). The platelets were then fixed with 1% paraformaldehyde, 

permeabilized with 0.1% NP40, and blocked with 10% bovine serum albumin. Platelets were 

incubated with anti-P-selectin (BD Pharmaceuticals, diluted 1:10 in 5% goat serum), followed by 

a secondary antibody conjugated to an AF488 fluorophore (Thermofisher, Waltham, 

Massachusetts; diluted 1:20 in 5% goat serum). Both incubations were performed for 2 hours 

rocking at room temperature. Then, fixed platelets were incubated with a cocktail of anti-SEL1L 

and anti-CD42b (Abcam, Waltham, MA; diluted 1:200 and 1:10 respectively in 5% goat serum) 

rocking overnight at 4oC. Lastly, the platelets were incubated with a cocktail of secondary 

antibodies conjugated to AF555 and AF405 (Thermofisher, diluted 1:300 and 1:10 respectively 

in 5% goat serum) for 2 hours rocking at room temperature. The stained platelets were imaged 

on a Leica TCS SP8 STED 3X (Leica Microsystems, Wetzlar, Germany). 

 

Collagen spreading assay 

Samples for the collagen spreading assay included n=11 WT, 5 heterozygous and 3 

homozygous horses for the SEL1L c.1810A>G p.Ile604Val variant. These samples were used 

to evaluate the platelets’ ability to adhere to and spread on collagen. Washed platelets (9 x 109 

plt/L) were allowed to adhere to type 1 collagen coated coverslips (Electron Microscopy 

Sciences, Hatfield PA; 37oC/2hrs), washed in buffer, and fixed in 1% paraformaldehyde (room 
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temperature/1hr). The mean platelet volume of the platelet rich plasma was determined. 

Coverslips were mounted, and platelets were imaged using an Olympus BX62 microscope. 

Platelet area was determined in ImageJ 1.51K (http://imagej.nih.gov/ij). The interpreter of the 

platelet area was blinded to the phenotypes and genotypes of the samples. A Kruskal-Wallis 

test with multiple comparisons was used to compare differences in platelet spreading, with an 

FDR correction for multiple testing. Significance was set at PFDR<0.05. 

 

Template bleeding times 

Template bleeding times (TBTs) were preliminarily measured on 32 horses (18 WT, 11 

heterozygous, 3 homozygous alternate) to validate the SEL1L missense variant with prolonged 

bleeding. Template bleeding times were conducted as previously described [22]. Briefly, a 

template system (MedexSupply, Passaic NJ) was used on a clipped area just distal to the 

accessory carpal bone on the caudomedial and caudolateral aspects of the forelimbs. A 

sphygmomanometer cuff was placed proximal to the carpus and inflated to 40 mmHg for 60 sec 

to achieve cutaneous venostasis. Blood flow from the incision was collected on a No. 40 

absorbent filter paper at 30 sec intervals until no capillary flow can be absorbed. Bleeding times 

were performed at a standardized time each morning on both forelimbs over three consecutive 

days and mean bleeding times determined. Blood samples for a complete blood count and a 

basic coagulation panel (prothrombin time, activated partial thromboplastin time, and fibrinogen) 

were obtained prior to each template bleeding time determination to ensure that the bleeding 

times were not influenced by changes in platelet count or clotting defects. Due to horse 

availability, the 32 horses were split into three trial groups. A Kruskal-Wallis test identified a 

significant effect of group, so a follow-up study of 13 horses (10 WT, 3 homozygous alternate) 

was conducted over the same three-day period to confirm results. 

Student’s t-tests were used to determine differences in TBTs, platelet count, or basic 

coagulation variables, with significance set at P<0.05.  

http://imagej.nih.gov/ij
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Results 

Horses 

As previously described [1], the five TBs identified as AET affected had 16.6% - 32.4% 

fibrinogen bound by platelets as compared to controls (Table 2.1). All unaffected TBs had >90% 

fibrinogen was bound by platelets compared to controls, except for horse #6, whose platelets 

bound an average of 74.3% fibrinogen. Horse #6 was included since her dam (horse 3) and full 

sibling (horse 4) were AET affected. A large degree of intra- and inter-individual variability was 

identified. 

 

Table 2.1. Sample Phenotypes 

Horse# AET 

Phenotype 

% fibrinogen bound compared to 

controls 

Average % 

fibrinogen 

Number 

of 

replicates 

(n) 

Standard 

Deviation 

(for n > 2 

trial only) 
Trial 1 Trial 2 Trial 3 Trial 4 

1 Affected 25.6 17.3 16.4 7.3 16.6 4 7.5 

2 36.4 40.6 20.3  32.4 3 10.7 

3 18.8 22.2   20.5 2  

4 13.8 28.2   21.0 2  

5 20.1 17.5   18.8 2  

6 Unaffected 49.9 83.4 89.6  74.3 3 21.3 

7 93.1 117.7 82.0  97.6 3 18.3 

8 107.9 90.4   99.2 2  

9 91.4 115.1 111.3  105.9 3 12.7 

10 147.2 105.0   126.1 2  

11 142.8 159.0   150.9 2  

12 93.0 97.7   95.4 2  

13 115.9 113.1   114.5 2  

14 100.8 100.9   100.9 2  

15 133.4 138.3   135.8 2  

16 91.4 101.7 110.9  101.3 3 9.8 

17 74.8 107.1 96.0  92.6 3 16.4 
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Candidate gene investigation 

Since several proteins in the thrombin signaling pathway were expressed or functioned 

abnormally [5], the genes that encoded these 16 proteins were prioritized. Across these 16 

genomic regions, 8,364 variants were identified (Supplemental Table 2.S2), but were not 

significantly associated with AET (P>0.05).  

 

Table 2.S2. Number of variants identified in 

candidate genes 

Gene Total variants 

AKT1 251 

AKT2 181 

F2 166 

F2R 64 

F5 448 

FGA, FGB 152 

PIK3C2A 329 

PIK3C2B 421 

PIK3C2G 2598 

PIK3CA 97 

PIK3CB 688 

PIK3CG 128 

PIK3R1 374 

PIK3R4 1144 

PIK3R5, PIK3R6 602 

SHIP1 721 

 

Similarly, there were 133 variants across these 16 candidate genomic regions predicted to have 

a “MODERATE” effect, but not significantly associated with the phenotype (P>0.05). We next 

sought to identify any significantly associated variants using a 10% FDR, since a Bonferroni 

corrected P-value (Pbonferroni=5.98 x 10-6) is highly conservative [23]. However, even with a more 

generous cut-off, no variants were found to be associated with AET. We subsequently pursued 

a whole-genome association study.  
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Whole-genome association approach 

Freebayes identified 18,367,554 variants and Delly identified 180,965 variants across the whole 

genome. The variants were filtered based on P-value and predicted effect on protein function. In 

order to minimize true negative associations, a cutoff of P<0.0001 was selected as this allows 

for half of the control horses to be heterozygous. This cutoff yielded 3,769 Freebayes variants 

(Fig 2.2) and 10 Delly variants. Approximately 70% (2,626 variants) of these Freebayes variants 

were in a ~6Mb region on chromosome 24 (21Mb - 27Mb; Fig 2.2). All 10 of the Delly variants 

were in this same region on chromosome 24. 
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Figure 2.2. Representation of 3,769 Freebayes variants across genome. Each chromosome is 

represented by a grey bar and the magenta lines indicate variant position along chromosome. A large 

~6Mb haploblock was identified on chromosome 24 (21Mb – 27Mb). 

 

There were no variants predicted to have a HIGH effect, but five Freebayes variants were 

predicted to have a MODERATE effect on protein function (Table 2.2). Only one of these 
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variants was in a gene known to be expressed in platelets and interact with other platelet 

proteins (https://plateletweb.bioapps.biozentrum.uni-wuerzburg.de/plateletweb.php). The variant 

was a missense variant in exon 17 of suppressor/enhancer of lin-12-like (SEL1L c.1810A>G 

p.Ile604Val; P=7.63x10-6). The Delly variants were filtered solely based on P-value. There were 

10 variants with P<0.0001, all of which were on chromosome 24. Two of them were in or near a 

gene expressed in platelets. One was a deletion in an uncharacterized lncRNA upsteam of 

SEL1L according TransMap (genome.ucsc.edu; AL355838.1:g.26447375_26448962del; 

P=7.63x10-6) and the other was an intronic deletion in VIPAS39 (g.22685398-22685470del ; 

P=3.74x10-5). All three of these variants are in the associated region on chromosome 24, 

thereby prioritizing these variants for further investigation. 

 

Table 2.2. Associated Variants with P<0.0001 

Position P-values 
Nearest 

Gene 

Expression and Interaction 

in Platelets (PlateletWeb) 

chr24:22162998 3.74E-05 ANGEL1 No 

chr24:22642450 3.74E-05 SAMD15 No 

chr24:22642470 3.74E-05 SAMD15 No 

chr24:22888518 3.74E-05 ALKBH1 No 

chr24:26081856 7.63E-06 SEL1L Yes 

chr24:21867050 3.74E-05 ESRRB No 

chr24:21999935 3.74E-05 ESRRB No 

chr24:22685398 3.74E-05 VIPAS39 Yes 

chr24:24095086 9.73E-06 NRXN3 No 

chr24:24460139 9.73E-06 NRXN3 No 
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chr24:24525130 9.73E-06 NRXN3 No 

chr24:24709312 2.29E-05 NRXN3 No 

chr24:25392066 3.74E-05 CEP128 No 

chr24:25429259 3.74E-05 CEP128 No 

chr24:26447375 7.63E-06 
SEL1L 

(AL355838.1) 
Yes 

 

 

RT-PCR 

To confirm that SEL1L, the upstream lncRNA, and VIPAS39 were expressed in equine platelets, 

RNA was isolated from leukocyte-depleted platelets, converted to cDNA, and end-point PCR 

was performed, with cDNA from testicular tissue used as a positive control. The primers 

targeting the lncRNA upstream of SEL1L did not amplify a product from cDNA of equine 

platelets, but a product was amplified from cDNA of testicular tissue, indicating that the lncRNA 

is not expressed in platelets and thus is unlikely to play a role in the etiology of AET. Primers 

targeting SEL1L and VIPAS39 amplified the expected products in cDNA from both platelets and 

testicular tissue, confirming that these genes are expressed in equine platelets and may play a 

role in the etiology of AET (Supplemental Fig. 2.S1). 
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Figure 2.S1. Reverse transcription PCR showing transcript presence in testes (positive control) and 

platelets (Plt). SEL1L and VIPAS39 transcripts are shown to be present in platelets while the lncRNA 

transcript is not. Expected size of SEL1L PCR product was 83bp, lncRNA PCR product was 89bp, and 

VIPAS39 PCR product was 100bp. 

 

Genotyping additional horses 

A larger population of 114 TBs, including some of the WGS horses that had been phenotyped 

with the flow cytometry diagnostic method [1,3] were then genotyped for SEL1L c.1810A>G 

p.Ile604Val and VIPAS39:g.22685398_22685470del variants. All horses whose platelets bound 

<35% fibrinogen as compared to control horses were homozygous for SEL1L c.1810A>G 

p.Ile604Val (i.e. alternate allele (Alt/Alt). Horses that were heterozygous (Ref/Alt) and 

homozygous WT (Ref/Ref) for SEL1L c.1810A>G p.Ile604Val had platelets that bound similar 

amounts of fibrinogen. There was a significant difference in percent fibrinogen bound between 

the Alt/Alt horses and the other two genotypes (Fig. 2.3A; P=2.0x10-9). For the 

VIPAS39:g.22685398_22685470del variant, not all horses that bound <35% fibrinogen as 

compared to control horses were homozygous (Alt/Alt), but there was a significant difference 

between the Alt/Alt horses and the other two genotypes (Fig. 2.3B; P=2.0x10-9).  
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Figure 2.3. Genotypes of larger population of phenotyped Thoroughbreds for (A) SEL1L c.1810A>G 

p.Ile604Val and (B) VIPAS39:g.22685398_22685470del. Y-axis is % difference in fibrinogen binding as 

compared to control horses. The 35% cutoff line characterizing affected horses is indicated by the dashed 

line. ****P<0.0001 

 

RT-qPCR 

Because the SEL1L c.1810A>G p.Ile604Val variant was classified as a coding missense 

variant, platelet gene expression was assessed in platelets from horses that were WT (Ref/Ref; 

n=6), heterozygotes (Ref/Alt; n=3), and homozygotes (Alt/Alt; n=2) for this variant. There was no 

significant difference in gene expression between any of the three genotypes (P=0.74; Fig. 

2.4A). 

 

Additionally, since VIPAS39:g.22685398_22685470del is a large deletion in a region potentially 

important for splicing, platelet gene expression was also assessed from horses that were WT 

(Ref/Ref; n=16), heterozygotes (Ref/Alt; 3), and homozygote (Alt/Alt; 1). Primers were designed 

to target the exons that surround the intron where the deletion is located. Similar to SEL1L, 

there was no significant difference in gene expression between any of the three genotypes 

(P=0.64; Fig. 2.4B). 
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Figure 2.4. Quantitative reverse transcription PCR for (A) SEL1L and (B) VIPAS39 by genotype. There 

were no significant differences in transcript expression between genotypes. 

 

Flow Cytometry 

Since point mutations can affect protein function without affecting mRNA expression [24], we 

proceeded with investigating SEL1L protein expression using flow cytometry. Platelets from WT 

(Ref/Ref; n=7), heterozygotes (Ref/Alt; 5), and homozygotes (Alt/Alt; 2) were assayed. There 

were significantly fewer platelets with intracellular SEL1L in horses that were homozygous for 

the SEL1L variant as compared to WT horses (P=0.022; Fig. 2.5A). There also was a decrease 

in platelets with intracellular SEL1L between Ref/Ref and Ref/Alt horses but it was not 

significant (P=0.08). 

 

Since the function of SEL1L in platelets has not yet been evaluated, we next questioned 

whether SEL1L might play a role in platelet interactions following activation. Equine platelets 

were activated with thrombin, which has been shown to be an aberrant pathway in AET-affected 

horses [3,5]. While SEL1L relocated to the platelet surface upon activation (Fig. 2.5B) and there 

tended to be fewer platelets expressing surface SEL1L in AET-affected horses (P=0.09), a 

significant difference was not observed. 



 

46 
 

 

Figure 2.5. SEL1L protein expression from flow cytometry (A) in resting permeabilized platelets and (B) 

on thrombin-activated platelets. *P<0.05 

 

Immunofluorescence  

Since flow cytometry indicated that SEL1L moves to the surface upon thrombin activation, it was 

hypothesized that SEL1L would be located in the α-granule membrane. These granules 

exocytose their contents after activation, thus protein in the membrane subsequently becomes 

incorporated in the platelet membrane [4]. To investigate this hypothesis, permeabilized 

platelets from Ref/Ref TBs were fluorescently stained for p-selectin, a marker of α-granules, and 

SEL1L. The fluorescent markers of these two proteins did not overlap consistently, indicating 

that SEL1L does not localize to the α-granule (Fig. 2.6A). Stained Alt/Alt platelets looked similar 

to Ref/Ref platelets (Supplemental Fig. 2.S2A).  

 

Since the flow cytometry indicated that SEL1L moves to the platelet membrane after activation 

with thrombin but immunofluorescence demonstrated that SEL1L does not localize to the α-

granule, we used immunofluorescence to confirm that SEL1L does, in fact, relocate to the 

membrane. We stained activated platelets from Ref/Ref and Alt/Alt TBs for p-selectin and 
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SEL1L. SEL1L did localize to the platelet membrane of thrombin-activated platelets from all 

horses (Fig. 2.6B and Supplemental Fig. 2.S2), confirming the flow cytometry results. 

 

Figure 2.6. SEL1L (red) localization in relation to P-selectin (green) in (A) resting permeabilized platelets 

and (B) thrombin activated platelet surface of horses that are Ref/Ref for SEL1L c.1810A>G p.Ile604Val. 

SEL1L did not localize to the surface in resting permeabilized platelets (A) but did localize to the surface 

in thrombin-activated platelets (B). 



 

48 
 

 

Figure 2.S2. SEL1L (red) localization in relation to P-selectin (green) in (A) resting permeabilized 

platelets and (B) thrombin activated platelet surface of horses that are Alt/Alt for SEL1L c.1810A>G 

p.Ile604Val. SEL1L did not localize to the surface in resting permeabilized platelets (A) but did localize to 

the surface in thrombin-activated platelets (B), similar to Ref/Ref horses. 

 

Collagen Spreading Assay 

To further elucidate the direct effect of SEL1L c.1810A>G p.Ile604Val on platelet function, a 

collagen spreading assay was performed. Platelets from WT (Ref/Ref; n=11), heterozygous 

(Ref/Alt; 5), and homozygous (Alt/Alt; 3) TBs were used. The mean platelet volume of the 

platelet rich plasma was determined to ensure there was no significant difference between the 

groups (P=0.45; Supplemental Fig. 2.S3).  



 

49 
 

 

Figure 2.S3. Mean platelet volumes of platelet rich plasma for each individual horse separated by 

genotype for SEL1L c.1810A>G p.Ile604Val. There is no significant difference between genotypes. 

 

The average area of the activated platelets was then determined for each horse. While the 

platelets from two of the horses that were homozygous for SEL1L c.1810A>G p.Ile604Val 

spread substantially less than the heterozygous or WT horses, the platelets from a third 

homozygous horse spread similarly to the other genotypes (P=0.45; Supplemental Fig. 2.S4). 

After investigations into this difference, we discovered that the AET affected outlier was 

ovariectomized (OVX), which has been shown to lead to increased platelet aggregation in 

response to both ADP and collagen [39]. The Ref/Ref horse with the highest median platelet 

area was also OVX, so these two horses were excluded from analysis. Comparison between 

the remaining horses showed that the decrease in median platelet area was significant between 

Ref/Ref and Alt/Alt horses (P=0.023; Fig. 2.7).  
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Figure 2.S4. Collagen spreading assay comparing median platelet area to genotype. There was no 

significant difference between homozygous Ref and Alt genotypes. 

 

Figure 2.7. Collagen spreading assay comparing median platelet area to genotype, excluding OVX 

mares. There was a significant difference between homozygous Ref and alternate genotypes. *P<0.05 

 

Template Bleeding Time 

Next, we investigated if horses that were homozygous (Alt/Alt) for SEL1L c.1810A>G 

p.Ile604Val would have a longer template bleeding time (TBT) than heterozygous (Ref/Alt) or 
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WT (Ref/Ref) horses. A previous study highlighted the high degree of inter- and intra- horse 

variability in the TBT assay [25]. However, in the initial paper describing AET, the index case 

had a TBT of >120 min [2]. Thus, we hypothesized that horses that were Alt/Alt for SEL1L 

c.1810A>G p.Ile604Val would have a substantially longer TBT than Ref/Ref or Ref/Alt horses. 

To fully evaluate each horse’s coagulation parameters prior to the study onset, platelet count, 

prothrombin time, activated partial thromboplastin time, and fibrinogen were measured. There 

were no differences in clotting times or platelet and fibrinogen count between groups 

(Supplemental Fig. 2.S5A). Due to horse availability, TBT trials were conducted in three 

batches. A significant effect of batch, or group, (P =0.0004; Supplemental Fig. 2.S5B) was 

identified, with the second group having the highest average TBT. This group consisted of TBs 

that were on an exercise protocol while the horses in the other two groups were not regularly 

exercised.  
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Figure 2.S4. (A) Platelet count and coagulation panels SEL1L c.1810A>G p.Ile604Val genotype, 

demonstrating no significant differences in any assayed parameters. (B) Average template bleeding times 

(TBTs; in seconds) of Ref/Ref and Ref/Alt control horses by group, showing substantial effect of group; 

(C) Average TBTs (in seconds) of all horses, in groups 1 and 3 only. Circle data points indicate horses 

that were Alt/Alt for SEL1L missense variant and square data points indicate horses that were Ref/Alt or 

Ref/Ref. **P<0.01 

 

Due to the “group” effect of conducting the experiment in three different batches, a follow-up 

TBT study was performed using Ref/Ref (n=10) and Alt/Alt (3) TBs. This study confirmed that 

there was no significant difference in TBT between the two genotypes (P=0.94; Fig. 2.8). 

 

 

Figure 2.8. TBTs from follow up study using only horses that were Ref/Ref or Alt/Alt for the SEL1L 

c.1810A>G p.Ile604Val variant. There is no significant difference between genotypes. 

 

Discussion 

This study investigated the genetic etiology of AET, an inherited platelet disorder that prevents 

affected horses from clotting efficiently following vascular injury. Whole-genome sequencing 
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from five affected, eleven controls, and one equivocal horse was utilized to investigate 

candidate genes, and subsequently, associated genetic variants across the entire genome. The 

equivocal horse was included in the analysis since her dam and full sibling were affected. A total 

of 16 candidate genes  (AKT1, AKT2, F5, SHIP1, PIK3C2B, F2, F2R, PIK3C2A, PIK3C2G, 

PIK3CA, PIK3CB, PIK3CG, PIK3R1, PIK3R4, PIK3R5, and PIK3R6) were identified from a 

previous study [5] that had examined differences in protein expression and function in AET 

affected horses. Since there were no associated genetic variants in any of these 16 genes, 

whole-genome sequencing analysis was performed, identifying a region on chromosome 24 

harboring 70% of the significantly associated variants (P<0.001). Within this region, three 

putative variants (SEL1L c.1810A>G p.Ile604Val, AL355838.1:g.26447375_26448962del, and 

VIPAS39:g.22685398_22685470del) were identified as associated with AET and in or near 

genes known to be expressed in platelets. The AL355838.1:g.26447375_26448962del variant 

was subsequently excluded as RT-PCR demonstrated that the lncRNA is not expressed in 

equine platelets. While there was no significant change in transcript expression of SEL1L or 

VIPAS39, there was evidence of changes at the protein level of SEL1L. The lack of change in 

expression of SEL1L is also further evidence that the upstream AL355838.1 is not affecting the 

SEL1L transcript even in megakaryocytes, the cell that produces platelets [4]. 

 

Further investigation into SEL1L identified changes in protein expression, with Alt/Alt horses 

having significantly less platelets with SEL1L. We subsequently demonstrated that, while SEL1L 

is an intracellular protein, it does not localize to the α-granule in resting platelets, but it does 

relocate to the plasma membrane upon thrombin stimulation. This indicates that SEL1L likely 

localized to a granule or organelle within the platelet that is involved in exocytosis post-

activation. One of our hypotheses for the mechanism of action of SEL1L is that, since the AET 

clinical phenotype is only seen after vascular injury, thrombin activation and SEL1L relocation is 

necessary for SEL1L to function as a cell signaling protein to further propagate the clotting 
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process. SEL1L knockdown in zebrafish leads to cardiac and brain edema, decreased blood 

circulation, and numerous blood stases in the tail [26], which further suggests that SEL1L does 

play a role in circulation and in particular normal circulation.  

 

While SEL1L in platelets has not yet been studied, in other cell types, the primary known 

function of SEL1L is in endoplasmic reticulum (ER) associated degradation (ERAD) [27,28]. 

Knocking out SEL1L is embryonic lethal in mice [27,28]. SEL1L forms a complex with Hrd1 [29] 

and is necessary for ER homeostasis and proper protein degradation and secretion [27,28]. 

Even though platelets do not have a complete ER, platelets contain ER fragments [30]. Thus, 

SEL1L could play a similar role in protein degradation in platelets. Recent studies have 

identified novel mechanisms of SEL1L regulating cell-signaling pathways by regulating the 

ubiquitination of a transcription factor and by controlling the degradation of a specific receptor 

[31,32]. SEL1L may have a similar mechanism in AET where it regulates a protein involved in 

platelet function, likely in the thrombin signaling pathway since that is where differences were 

previously identified in AET affected horses [3,5]. However, platelets do not have a complete ER 

[30], and no studies on the whether ERAD occurs in platelets have been published. 

 

While SEL1L has an established role in ERAD, a recent study validated two additional isoforms 

of SEL1L that do not solely localize to the ER in human lymphocytes [33]. One of these isoforms 

(SEL1L-B) in particularly appears to associate with membranes and participate in multi-protein 

complexes [33]. The variant SEL1L c.1810A>G p.Ile604Val is not in the published versions of 

either of these shorter isoforms that contain exons 1-9 (SEL1L-B) or exons 1-8 (SEL1L-C) [34]. 

However, it has been noted that work in at least one pancreatic neoplastic cell line does not 

confirm published splicing of SEL1L-B [34], so it is likely that there are additional isoforms in 

other cell types. Moreover, there are two other computationally predicted isoforms that have not 

yet been experimentally validated, and one of them does contain the exon where SEL1L 
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c.1810A>G p.Ile604Val is located [34]. We hypothesize that, since platelets do not have a 

complete ER and we demonstrate that SEL1L relocates to the plasma membrane, an alternative 

isoform is likely present in platelets that plays a role in cell signaling between platelets post-

thrombin activation. 

 

While three candidate genetic variants were identified based on our whole-genome association 

study (SEL1L c.1810A>G p.Ile604Val, AL355838.1:g.26447375_26448962del, and 

VIPAS39:g.22685398_22685470del), we prioritized SEL1L c.1810A>G p.Ile604Val because; (1) 

this is a coding variant, (2) the whole-genome sequenced AET affected horses were 

homozygous, and (3) flow cytometry demonstrated decreased protein expression of SEL1L in 

Alt/Alt horses. However, the genotyping of the larger 114 horse population for the two putative 

variants expressed in equine platelets confirmed that the VIPAS39:g.22685398_22685470del 

variant is also still associated with AET. VIPAS39 has been shown to be necessary for α-

granule biogenesis in megakaryocytes and platelets [35]. Genetic mutations naturally occur in 

VIPAS39 in humans, causing Arthrogryposis, Renal Dysfunction and Cholestasis (ARC) 

Syndrome, which is a multisystem genetic disorder [36]. Signs of the abnormal bleeding due to 

ARC include hemorrhaging, petechiae, and epistaxis [37,38]. While ARC is substantially more 

severe than AET, there are similarities in the signs and in that α-granule exocytosis may be 

affected in AET horses, as demonstrated by the decreased amount of Factor V released from 

AET platelet α-granules [5]. These similarities highlight that we cannot exclude 

VIPAS39:g.22685398_22685470del as a putative variant for AET, and it should be further 

studied to determine if it plays a role in the etiology of the disease.  

 

A limitation throughout this study was the number of horses available for study. We only 

identified n=3 TBs that were Alt/Alt for the SEL1L c.1810A>G p.Ile604Val variant and that were 

readily accessible, since fresh platelets were required for most of the experiments. Additionally, 
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the difficulty in sufficiently phenotyping the horses posed a problem in identifying the causative 

variant. But it also provided an opportunity to seek out other methods to functionally evaluate 

the disease, such as the collagen spreading assay and template bleeding times.  

 

In examining functional effects of SEL1L c.1810A>G p.Ile604Val, two of the homozygous 

horses had decreased platelet spreading on collagen. However, an additional third homozygous 

horse was identified later in the study and the platelets from this horse, who was an OVX mare, 

spread similarly to Ref/Ref horses. It was also noted that the Ref/Ref horse that spread the most 

was the only other OVX mare in the population. While OVX mares are rare in the general horse 

population, these two mares are teaching and research horses at the University of California 

Davis and used as jump mares. In OVX pigs removal of the ovaries led to increased platelet 

aggregation in response to both ADP and collagen [39]. Thus, it is likely that even with the 

SEL1L c.1810A>G p.Ile604Val variant, the OVX mare’s platelets had a strong enough reaction 

to collagen to stimulate the platelets to spread similarly to Ref/Ref horses. Therefore, the OVX 

mares were excluded and a significant decrease in platelet area was identified between Ref/Ref 

and Alt/Alt horses. This suggests that SEL1L likely plays a role in platelet activation and the 

SEL1L c.1810A>G p.Ile604Val variant prevents normal function. Further study is needed to 

better understand the mechanism of SEL1L in platelet activation.  

 

The TBT study included all three homozygous horses, but the high degree of both intra- and 

inter- horse variability [25] likely led to the non-significant results. Thus, a larger cohort of Alt/Alt 

SEL1L c.1810A>G p.Ile604Val horses is required to further identify any functional differences in 

Alt/Alt horses. It is noteworthy though that horses in a regular exercise schedule did have 

substantially higher TBTs. This has not been published previously in equine athletes, but there 

have been studies done in humans with varying results [40,41]. One study found that it depends 

on the type of exercise, with shorter (15 minute) exercise times causing an increase in TBT and 
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longer (several hours) exercise times causing a decrease in TBTs [41]. This supports our 

findings with the horses since their exercise time was less than 30 min each day.   

 

In summary, these results suggest SEL1L c.1810A>G p.Ile604Val may play a role in the 

etiology of AET. Additionally, our work did not exclude VIPAS39:g.22685398_22685470del as a 

candidate and it should be further evaluated to determine functional impact on platelet function. 

Identifying the definitive causative variant of AET will allow for affected TBs to be easily 

identified through genetic testing as well as identify carriers to inform breeding decisions. 

Additionally, since neither candidate gene has a known role in clotting, elucidating the 

mechanism of AET may define novel pathways involved in coagulation. 
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Abstract 

Long non-coding RNAs (lncRNAs) are untranslated regulatory transcripts longer than 200 

nucleotides that can play a role in transcriptional, post-translational, and epigenetic regulation. 

Traditionally, RNA-sequencing (RNA-seq) libraries have been created by isolating 

transcriptomic RNA via poly-A+ selection. In the past 10 years, methods to perform ribosomal 
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RNA (rRNA) depletion of total RNA have been developed as an alternative, aiming for better 

coverage of whole transcriptomic RNA, both polyadenylated and non-polyadenylated 

transcripts. The purpose of this study was to determine which library preparation method is 

optimal for lncRNA investigations in the horse. Using liver and cerebral parietal lobe tissues 

from two healthy Thoroughbred mares, RNA-seq libraries were prepared using standard poly-A+ 

selection and rRNA-depletion methods. Averaging the two biologic replicates, poly-A+ selection 

yielded 327 and 773 more unique lncRNA transcripts for liver and parietal lobe, respectively. 

More lncRNA were found to be unique to poly-A+ selected libraries, and rRNA-depletion 

identified small nucleolar RNA (snoRNA) to have a higher relative expression than in the poly-A+ 

selected libraries. Overall, poly-A+ selection provides a more thorough identification of total 

lncRNA in equine tissues while rRNA-depletion may allow for easier detection of snoRNAs. 

 

 

Introduction 

Long non-coding RNAs (lncRNAs) are untranslated transcripts longer than 200 nucleotides 

(nt). They have been shown to have a wide range of functions in the regulation of transcription, 

translation, epigenetics, differentiation, and the cell cycle [1–7]. In recent years, lncRNAs have 

been increasingly shown to play important roles in diseases, particularly cancer [8–10] and 

neurodegeneration [11,12]. However, many functional roles of lncRNAs in cell biology, 

development, and disease pathogenesis remain unknown, especially in the horse. As sequence 

conservation of lncRNA among species is low [13], lncRNAs identified in the human and mouse 

often are not expected to have a similar genomic sequence in horses. 

Previously, an equine lncRNA pipeline and database (https://github.com/eyscott/lncRNA) 

was developed using RNA sequencing (RNA-seq) data from various laboratories and across 

disease phenotypes [13]. While filling a necessary gap in knowledge in equine genetics, the 
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database had some limitations. One of the largest limitations was that many of the horses had 

one of several diseases. This prevents the public database from being used as a baseline from 

which to identify aberrant lncRNA expression or splicing in disease-affected horses. 

Additionally, some RNA samples were prepared using ribosomal RNA (rRNA)-depletion 

whereas other samples were prepared with poly-A+ selection. However, both methods were not 

used on any single tissue, so there was no way to assess and quantify different transcription 

profiles as a function of the library preparation methods used. Previous human studies have 

demonstrated that the transcripts that are sequenced may differ in quantity and identity between 

the two methods, with poly-A+ selection limited to transcripts with a polyadenylated tail and 

rRNA-depleted libraries having the additional challenge of often including intronic and intergenic 

regions [14]. In the horse, biologic validation of putative lncRNAs is lacking; therefore, it is 

difficult to distinguish between novel lncRNA and true intronic and intergenic reads. 

The objective of this study was to determine which RNA-seq library preparation method 

would most reliably capture lncRNA in the equine genome. Long ncRNA was the focus of this 

study since substantial work is already in progress to annotate equine protein-coding genes, 

lncRNA are more likely than protein-coding genes to differ from other species [13,15–17], and 

there are potentially fewer lncRNA with poly-A tails. Using liver and cerebral parietal lobe 

tissues collected from two healthy Thoroughbred mares as part of the Functional Annotation of 

Animal Genomes (FAANG) initiative, direct comparisons between library preparations was 

performed. These two tissues were chosen to be representative of homogenous and 

heterogeneous tissue, respectively. As non-polyadenylated lncRNA have been identified in 

other species [18,19], our hypothesis was that rRNA-depleted libraries would be preferable for 

annotating lncRNA as this method is not dependent on the transcripts being polyadenylated. 

Determining the RNA-seq library preparation method best for identifying lncRNA is an essential 

step toward annotation of the horse genome to identify genetic regions and variants associated 

with diseases. 
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Methods 

Samples and Sequencing 

Liver and parietal lobe of the cerebrum tissues from two healthy Thoroughbred mares was 

obtained from the functional annotation of the animal genome biobank [20] to investigate 

lncRNA expression in both a homogeneous and a complex tissue. RNA was isolated using a 

phenol-chloroform method with a column clean up. RNA quality was measured using an Agilent 

Bioanalyzer (RIN=8.7). Two RNA-seq libraries were prepared from each tissue sample, one 

based on poly-A+ selection and the other using rRNA-depletion. Poly-A+ selected libraries were 

made using a strand-specific poly-A+ capture protocol (TruSeq Stranded mRNA, Illumina, San 

Diego, CA, USA). A bioanalyzer was used to ensure all poly-A+ selected libraries had adequate 

size distributions. The rRNA was depleted (Ribo-Zero, Illumina, San Diego, CA, USA) and 

prepared as strand-specific (TruSeq Stranded Total RNA Library pre kit, Illumina, San Diego, 

CA, USA). The libraries were size selected for 140 bp ± 10% fragments and sequenced on a 

HiSeq 4000 to an average depth of 30 M mapped reads (ERX2600970, ERX2600971). The 

reads are paired end and 125 bp long. 

lncRNA Identification 

The reads were trimmed with Sickle [32], mapped with STAR (2-pass) [33], map quality 

checked with samtools flagstat (>99% mapped and properly paired) [32], down-sampled to 

similar read counts across samples with samtools view [34], and annotated with Stringtie [35]. 

The EquCab3 reference genome and corresponding annotation was obtained from NCBI [36]. A 

lncRNA pipeline slightly modified from the one published by Scott and Mansour [13] was used to 

isolate the lncRNA and compare the two library preparation methods. Known protein coding 

transcripts were removed using a combination of filtering out any transcript GffCompare [37] 
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identified as an exact match with protein coding transcripts from the reference and anti_join [38] 

against known protein coding transcript names. A histogram of TPMs was used to identify the 

cut-off to filter out the single exon transcripts with low TPMs that were categorized as false 

positives (TPM < 2) and to determine the TPM cut-off for the remaining transcripts (TPM < 0.4). 

As lncRNA are defined as longer than 200 bp, the transcripts were also filtered based on length. 

Remaining protein coding regions were computationally identified by combining predicted 

ORFs, protein domain models (Pfam) [39,40], and protein sequence database (hmmsearch; 

http://hmmer.org/). Additionally, the reads were BLAST’d (NCBI) against known human protein 

coding cDNA and protein peptide sequences. These findings were merged and filtered out. 

Known human lncRNA from the Ensembl ncRNA database (ftp.ensembl.org/pub/release-

86/fasta/homo_sapiens/ncrna/Homo_sapiens.GRCh38.ncrna.fa.gz) were then compared to the 

filtered out coding regions and any matches were returned to the final lncRNA file. The lncRNA 

analysis and final bed files are detailed at https://github.com/ADahlgren/PolyA_ribozero. 

Analysis 

BEDtools intersect (version 2.29.2) [41] was used to identify lncRNA that do not overlap (by 

50%) with the opposite library to identify the number lncRNA that were unique to each library 

preparation for each tissue. BEDtools intersect was also used to identify transcripts in one 

library that overlap with transcripts from another library (by 90%) and to identify transcripts that 

are likely RefSeq lncRNAs. 

Correlation plots were made in Rstudio. The spearman rho (r) value and p-values were also 

calculated in Rstudio. EdgeR [42] was used to create MDS scaling plots based on log fold 

change to determine the role library preparation plays in the lncRNA transcriptome. It was also 

used to identify the most differentially expressed transcripts between liver and parietal lobe for 

each library preparation method, with p values corrected by a false discovery rate of <0.05. 

Principal component analysis was done using the dataset from EdgeR in Rstudio. 

http://hmmer.org/
https://github.com/ADahlgren/PolyA_ribozero
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qRT-PCR 

RNA from AH1 and AH2 was reverse transcribed into cDNA using SuperScript III 

(ThermoFisher; Waltham, MA, USA) according to the manufacturer’s instructions. Primers were 

designed using Primer 3 Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) 

to span two exons (Supplemental Table 3.S1). Endpoint PCR showed specific amplification of 

the correct product. qRT-PCR was performed on an AriaMx Real-time PCR System (Agilent; 

Santa Clara, CA, USA) using Brilliant III Ultra-Fast SYBR qPCR Master Mix (Agilent; Santa 

Clara, CA, USA). cDNA was pooled and serially diluted to ensure efficient amplification and the 

optimal dilution. All samples were run in triplicate and delta Cqs were calculated with ACTB as 

the reference gene. 

Table 3.S1. qRT-PCR Primer Sequences 

Transcript Forward Primer Reverse Primer 

H19 GAAGAAGTCCGGGTTCCAA CCCAAGAACCCTCAAGATGA 

LINC02586 TCTGTCACAGTCACCGAAGC ACCATCCAGATGGACAAGGA 

MIR124-
2HG 

AGAGCCGGTCTAGCTCAGAGA GAGACGCGGATTACCCAAAC 

LINC01351 TATCCCGATACCGCACAAAC TTCCACTCTACCTTTCCCTCCT 

ACTB AAGGAGAAGCTCTGCTATGTCG GGGCAGCTCGTAGCTCTTC 

 

Results 

Liver and parietal lobe of the cerebrum were collected from two healthy Thoroughbred 

mares (adult horse 1: AH1 and adult horse 2: AH2) [20]. RNA was isolated and prepared for 

http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi


 

70 
 

sequencing with poly-A+ selection and rRNA-depletion. Four filters were applied to the resulting 

RNA-seq datasets as previously described [13] to isolate lncRNA transcripts. First, single exon 

transcripts with low transcripts per million (TPMs) were filtered out as done previously [13] to 

remove likely uninformative reads and polymerase mistakes. Then, known protein-coding 

transcripts were filtered out. Next, the remaining transcripts were filtered based on the definition 

of lncRNA (>200 nt) and by TPM. To ensure no protein-coding transcripts remain, protein-

coding transcripts were computationally predicted and removed. Lastly, previous work has 

shown that this pipeline removes some true lncRNA, so a rescue step is required [13]. This was 

done by comparing the removed transcripts to known human lncRNA. 

Filtering out known protein-coding and single exon transcripts expressed at low levels 

resulted in the greatest removal of transcripts for all the samples (Fig. 3.1A). Libraries prepared 

with rRNA-depletion had more protein-coding transcripts removed across tissues and biologic 

replicates (Supplemental Fig. 3.S1), and poly-A+ selection yielded more unique lncRNA (Fig. 

3.1B). Additionally, as expected, the more complex parietal lobe samples had more unique 

lncRNA transcripts than the liver samples, which have a more homogenous cellular composition 

(Fig. 3.1B). 

 

 
(A) 
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(B) 

Figure 3.1. (A) Bar graph showing the average number of total transcripts between the two horses 

after each filtering step. TPM = transcripts per million. (B) Number of unique long non-coding RNAs 

(lncRNA) in each tissue library preparation combination (same as the last bar in A). Each data point 

represents one horse. PolyA indicates poly-A
+
 selection. 

 

 

Figure 3.S1. Average number of protein-coding transcripts. 

 

To investigate if the lncRNA expression was similar between the two biologic replicates, we 

plotted the TPM values for each horse against each other for each tissue and library preparation 

method in a correlation plot. Analogous unannotated transcripts between biologic replicates 

were identified via bedtools intersect (Supplemental Table 3.S2). Correlation was significant 
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across both tissue types (Fig. 3.2). In each dataset, there were unique transcripts that were 

outliers (Supplemental Table 3.S3) with high TPM values. However, even when the outliers 

were removed, correlations of biologic replicates between library preparations remained 

significant (Spearman r(liver_polyA)=0.45, P=8.98×10−97; Spearman r(liver_ribo)=0.524, P=3.24×10−86; 

Spearman r(parietal_polyA)=0.53, P=6.08×10−172; Spearman r(parietal_ribo)=0.588, P=4.47 × 10−127). 

Taken together, these findings demonstrate strong correlation of biologic replicates within library 

preparations and tissue types. 

Table 3.S2. Number of lncRNA Used in Correlation Analysis by Tissue 

and Library Preparation 

Tissue and Library Preparation 
Number of lncRNA Used in 

Correlation 

Liver PolyA 1934 

Liver Ribozero 1208 

Parietal Lobe PolyA 2371 

Parietal Lobe Ribozero 1364 

 

Table 3.S3. lncRNA Removed in Biologic Replicate Correlation 

Liver Parietal Lobe 

PolyA Ribozero PolyA Ribozero 

chr7:25389286-
25390378 

chr31:8722887-
8723106 

chr1:112301900-
112302558 

chr1:21949607-
21950018 

chr27:34137241-
34138781   

chr10:76657675-
76658212 

chr1:112301900-
112302558 

    
chr31:8722887-

8723106 
chr1:158746022-

158746364 

    
chr31:16560679-

16562097 
chr27:5219606-

5221622 

      
chr31:8722887-

8723106 
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Figure 3.2. Correlation plots for lncRNA expression between biologic replicates. The poly-A

+
 

selected libraries are on the left, the rRNA depleted libraries on the right. The top two graphs are 

from the liver while the bottom two are from the parietal lobe of the cerebrum. The x-axis indicates 

expression of the individual lncRNA in adult horse 1 (AH1). The y-axis shows expression of the same 

lncRNAs in adult horse 2 (AH2). Spearman correlation (r) and p-value in bottom right corner. 
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Differentially expressed (DE) lncRNAs between liver and parietal lobe samples for each 

library preparation were determined. While most of the DE lncRNA were unannotated, H19 was 

identified by both poly-A+ selection and rRNA-depletion as being expressed higher in the liver 

than the parietal lobe, similar to findings in humans [21]. In poly-A+ selected libraries, lncRNAs 

that appear similar to LINC00643, LINC02586, and LOC100128494 in humans have similar 

expression patterns in liver and parietal lobe [21]. For example, LINC00643 is highly expressed 

in the brain in humans and only minimally in the liver [21], which parallels what we see in our 

RNA-seq data. In rRNA-depleted libraries, lncRNAs that have similarities in sequence or 

genomic position to MIR124-2HG, LINC00643, RP4-785G19.5, and LINC01351 in humans have 

parallel expression patterns in liver and parietal lobe in the horse [21]. H19, LINC02586, 

MIR124-2HG, and LINC01351 expression in the parietal lobe and liver was confirmed with 

quantitative reverse transcription PCR (qRT-PCR) in the same horses (Supplemental Fig. 

3.S2). This suggests that both library preparations are accurately demonstrating relative 

expression between tissue types. 

 

Figure 3.S2. Bar graphs showing delta Cq in parietal lobe and liver for four lncRNA transcripts 
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Comparing the DE lncRNAs that are annotated by National Center for Biotechnology 

Information (NCBI) showed that the top two lncRNA are the same for poly-A+ selection and 

rRNA-depletion. One in an unknown lncRNA (rna69770) and the other is H19 (rna41570). 

Additionally, within the top 10 DE lncRNA, there are two other lncRNA that show up in both 

library preparations. There is another unknown lncRNA (rna12060) and the other is similar to 

human LINC00643 (rna64504). So, only four of the top 10 annotated DE lncRNA are the same 

between library preparations, indicating that there is a substantial difference in the quantity of 

lncRNA that is detected by each library preparation. 

To further address the impact that library preparation plays in defining the lncRNA 

transcriptome, a multi-dimensional scaling (MDS) plot was evaluated. While tissue type caused 

the largest difference between samples (dimension 1; x-axis), library preparation caused the 

second largest difference (dimension 2; y-axis; Fig. 3.3). Principal component analysis (PCA) 

also showed an even greater difference between tissues when rRNA-depletion was used 

(PC1=70.9%, PC2=12%; Supplemental Fig. 3.S3). 

 
Figure 3.3. Multidimensional scaling plot of the lncRNA expression from each tissue/library 

preparation for each horse. 
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Figure 3.S3. Principle component plot of the lncRNA expression. 

 

We also investigated how many lncRNAs only appear in one library preparation. Within 

poly-A+ selected libraries for the liver and parietal lobe, 1276 and 2602 unique lncRNA were 

identified, respectively. Fewer lncRNA were unique to the rRNA-depleted libraries, with 977 and 

1467 lncRNAs identified for the liver and parietal lobe, respectively. This suggests poly-A+ 

selection captures more lncRNA than rRNA-depletion. 

To continue investigating the differences between library preparations, correlation plots 

were constructed between library preparation methods for each horse and each tissue (Fig. 3.4 

and Supplemental Fig. 3.S4). There was only a moderate degree of correlation between library 

preparations (Spearman r(liver,subset)=0.476, P=3.62×10−86; Spearmen r(parietal,subset)=0.473, 

P=9.25×10−89). 
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Figure 3.4. Correlation plots for lncRNA expression in AH1 with annotated transcripts. The x-axis 

indicates expression of the individual lncRNA in the poly-A
+
 selected library. The y-axis shows 

expression of the same lncRNAs in the rRNA-depleted library. (A) Liver (B) Parietal lobe of the 

cerebrum. Spearman correlation (r) and p-value in bottom right corner. 

 

Figure 3.S4. Correlation plots for lncRNA expression in AH2 with annotated transcripts. 

 

When evaluating the annotated lncRNA that had substantially higher TPMs in one 

library preparation as compared to the other, small nucleolar RNAs (snoRNAs) were 

consistently higher in rRNA-depleted libraries. There is minimal difference in the number of 

snoRNAs identified between each library preparation (Supplemental Table 3.S4); however 

A B 
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there appears to be a large difference in the relative expression of snoRNAs in rRNA-

depleted libraries.  

 

Table 3.S4. lncRNA annotated as snoRNA for each horse, tissue, and 
library preparation method 

Horse Tissue Preparation method 
lncRNA annotated as 

snoRNA 

AH1 

Liver 
PolyA 178 

Ribozero 180 

Parietal Lobe 
PolyA 201 

Ribozero 178 

AH2 

Liver 
PolyA 213 

Ribozero 181 

Parietal Lobe 
PolyA 237 

Ribozero 158 

 

 

Limiting the correlation analysis to the EquCab3.0 RefSeq annotated lncRNA 

(https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/002/863/925/GCF_002863925.1_EquCab3.0/

), which excludes snoRNAs, removed all transcripts that had high expression (>60 TPM) in 

the rRNA-depleted libraries and substantially disproportionate low expression in the poly-A+ 

selected libraries. However, the correlation between library preparations slightly decreased 

(Spearman r(liver,subset)=0.425, P=2.47×10−19; Spearman r(parietal)l=0.416, P=1.84x10−19; Fig. 

3.5 and Supplemental Fig. 3.S5), but this is likely due to the decrease in number of 

transcripts used in the analysis. 
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Figure 3.5. Correlation plots for lncRNA expression in AH1 with RefSeq annotated lncRNA. The x-

axis indicates expression of the individual lncRNA in the poly-A
+
 selected library. The y-axis shows 

expression of the same lncRNAs in the rRNA-depleted library. (A) Liver (B) Parietal lobe of the 

cerebrum. Spearman correlation (r) and p-value in bottom right corner. 

 

Figure 3.S5. Correlation plots for lncRNA expression in AH2 with RefSeq annotated lncRNA 

A B 
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Discussion 

Long ncRNAs play a role in many cellular functions [1–7] and have been implicated in cancer 

[8–10] and neurodegeneration [11,12]. Additionally, lncRNAs may play a large role in athletic 

performance in the horse [22]. Thus, the goal of this study was to determine which RNA-seq 

library preparation method most reliably identifies lncRNA in horses. We hypothesized that 

rRNA-depleted libraries would be preferable as selection is not dependent on a poly-A tail. 

However, with an average coverage of 30 M reads, we identified more total lncRNA in the poly-

A+ selected libraries, suggesting that poly-A+ selection may be more efficient at capturing 

lncRNAs than rRNA-depletion. It has been shown that some non-polyadenlyated lncRNAs are 

stabilized by other secondary structure features [23]. These features could have prevented the 

isolation of the associated transcripts during library preparation, leading to fewer lncRNAs being 

detected in the rRNA-depleted libraries. Additionally, the high TPM values obtained for 

snoRNAs suggest that these transcripts are overrepresented in rRNA-depleted libraries, 

preventing other ncRNAs from being identified. Previous studies on RNA-seq from human cell 

lines and blood have detected more or equal numbers of lncRNA in rRNA-depleted libraries 

[14,24–26], though one study explicitly reported that rRNA-depleted libraries yielded fewer 

usable reads than poly-A+ selection [14]. The study that found this included RNA from the colon, 

however this RNA sample was obtained directly from a commercial source and was not isolated 

by the researchers. Our study is unique in that all RNA was isolated by a single researcher from 

flash-frozen tissue collected from healthy, well-phenotyped individuals before proceeding to 

library preparation. This minimizes the potential variation from multiple individuals performing 

RNA isolations as well as any pathological variation. As a result, we did identify a strong 

correlation between biologic replicates. 
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While this study highlights many of the drawbacks of rRNA-depletion library preparation 

methods, poly-A+ selection has its own disadvantages. As seen here, some transcriptomic 

information is lost if it does not have a polyadenylated tail. Additionally, it is well known that 

poly-A+ selected libraries have a 3′-bias. In an effort to identify a library preparation method that 

avoids some of the biggest disadvantages of poly-A+ selection and rRNA-depletion, the rRNA-

depletion protocol could be further optimized. Alternatively, a NuGEN Ovation v2 protocol, which 

utilized both random and oligo(dT) primers to remove rRNAs, performed well in lncRNA 

identification in one comparison study [27]. This method addressed the poly-A tail disadvantage; 

however, it performed poorly when looking at protein-coding transcripts and had a substantial 3′-

bias [27]. In short, further research is needed to develop an improved RNA-seq library 

preparation protocol. 

 

Investigating DE lncRNA between tissues for poly-A+ selection and rRNA-depletion as a proof of 

concept identified several lncRNA that are similar to lncRNA found in humans with similar 

expression differences between brain and liver tissues [20]. This suggests that both methods 

may be used to annotate lncRNA that is already known in other species. However, more 

lncRNA transcripts were unique to poly-A+ selected libraries than to rRNA-depleted libraries, 

indicating that, for a specific sequencing depth, poly-A+ selection may yield more informative 

lncRNA data. 

 

When comparing poly-A+ selection and rRNA-depletion methods in humans, it is common to 

limit the comparison to already annotated lncRNA [14,24–26]. While this may be sufficient when 

using human data, there are not enough lncRNAs annotated in the equine reference genome to 

identify a substantial correlation between library preparation methods [14,24]. However, we can 

still observe a moderate correlation between library preparations. rRNA-depletion is often 

recommended for poor-quality RNA where a full transcript is likely not attached to a polyA-tail 
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[28]. The RNA used in this study was of high quality and therefore our comparative results only 

apply to high-quality RNA library preparations. 

 

As suggested in Scott et al. [13], library preparation does play a large role in the lncRNA that 

are detected. As such, rRNA-depleted datasets should not be considered equivalent to poly-A+ 

selected datasets. While this might not raise problems in the annotation of the equine genome, 

differential transcript expression studies between two equine populations would require 

additional biologic replicates to overcome the variation between library preparations. A primary 

advantage of using rRNA-depletion appears to be enhanced identification of snoRNAs. Data 

from human studies supports this. In a previous report using the HEK293 cell line, a snoRNA 

was one of the top three highly expressed lncRNA [25]. That particular study raised a valid 

concern that these highly expressed snoRNAs and similar transcripts lowered the sequencing 

depth for other RNAs [25]. Similarly, when using pooled blood RNA and a single colon RNA 

sample, a large portion of rRNA-depleted libraries consisted of a small number of lncRNAs and 

small RNAs (smRNAs) [14]. Therefore, for annotation of these RNAs, rRNA-depletion would 

likely be the most thorough. However, poly-A+ selection can identify these RNAs and may 

simply require deeper sequencing to better detect these transcripts. Previous study of HEK293 

cells support this finding of highly expressed lncRNA from rRNA-depleted libraries also being 

present in poly-A+ selected libraries [25]. 

 

As only two tissues were used in this study, the results obtained here do not provide a thorough 

annotation of the equine genome. By evaluating eight different tissues, Scott et al. identified 

20,800 putative lncRNA [13]. This number of putative lncRNA far exceeds what was identified in 

our study; however, tissues used in the Scott et al. study included both nervous and embryonic 

tissues, which likely have a substantially different lncRNA transcriptional profile as compared to 

adult horses [29]. In humans, rRNA-depletion has been reported to include more intergenic and 
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intronic reads than poly-A+ selection [14]. Unfortunately, as many non-coding RNAs and 

untranslated regions are not identified in the horse, an accurate measure of the non-exonic 

reads in our dataset cannot be obtained. Similarly, we do not know the true distribution of 

lncRNA in horses. However, the identification of similar lncRNA that are differentially expressed 

between the liver and parietal lobe in both humans and horses suggest a potential method for 

future annotation. 

 

Potential limitations of this study include the use of only two tissues from two biological 

replicates. Since the liver and parietal lobe are quite different in terms of cellular make-up 

complexity, they were considered to be good representative tissues. However, there could be 

some factors concerning RNA-seq library preparations we are not observing with the limited 

sample number. A limitation of the pipeline used is a combination of the strict filtering of 

predicted protein-coding sequences and an ineffective rescue of known lncRNA from human 

data. All transcripts with an open reading frame (ORF) were filtered out which likely excluded 

some lncRNA as there are reports of lncRNA with short ORFs in mice [30,31]. As noted from 

the increase in lncRNA after rescuing filtered out known lncRNA, a substantial number of 

lncRNA were incorrectly filtered out. An alternative pipeline may remove this part of the filter, 

though there is then the possibility of retaining unannotated or truncated protein-coding 

transcripts. Additionally, due to the low sequence conservation of lncRNA between horse and 

human [13], there are likely lncRNA that are not rescued as this step uses nucleotide BLAST 

(BLASTN). An improved rescue might utilize lncRNA known to be expressed in a specific tissue 

in a more thoroughly annotated species, such as human, and identify lncRNA in syntenic 

regions of the organism of interest, such as horse. 

In summary, poly-A+ selection allowed for the identification of more lncRNA and missed fewer 

lncRNAs compared to rRNA-depletion. While changes to the pipeline could improve annotation, 

using poly-A+ selection in equine samples provides thorough identification of lncRNA. 
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Abstract  

Recombinant human erythropoietin (rHuEPO) is a well-known performance enhancing drug in 

human athletes, and there is anecdotal evidence of it being used in horse racing for the same 

purpose. rHuEPO, like endogenous EPO, increases arterial oxygen content and thus aerobic 

power. Micro-doping, or injecting smaller doses over a longer period of time, has become an 

important concern in both human and equine athletics since it is more difficult to detect. Horses 

offer an additional challenge of a contractile spleen, thus large changes in the red blood cell 

mass occur naturally. To address the challenge of detecting rHuEPO doping in horse racing, we 

determined the transcriptomics effects of rHuEPO micro-dosing over seven weeks in exercised 

Thoroughbreds. RNA-sequencing of peripheral blood mononuclear cells isolated at several time 

points throughout the study identified three transcripts (C13H16orf54, PUM2 and CHTOP) that 
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were significantly (PFDR<0.05) different between the treatment groups across two or three time 

point comparisons. PUM2 and CHTOP play a role in erythropoiesis while not much is known 

about C13H16orf54, but it is primarily expressed in whole blood. However, gene expression 

differences were not large enough to detect via RT-qPCR, thereby precluding their utility as 

biomarkers of micro-doping.  

 

Introduction 

Erythropoietin (EPO) is a protein predominantly secreted from the kidney to stimulate red blood 

cell (RBC) production in the bone marrow. As such, it increases hemoglobin mass, arterial 

oxygen content, and thus aerobic power [1]. Recombinant human erythropoietin (rHuEPO) is 

well known as a performance enhancing agent in human athletes [2–4]. Similar to training at 

higher elevations to naturally stimulate EPO [5], injecting rHuEPO has the same end result of 

enhancing an individual’s aerobic power [2]. This has led to its abuse in human sports and 

placement on the World Anti-Doping Agency’s list of prohibited substances [6]. rHuEPO has 

also been used clinically to replace endogenous EPO in human patients suffering from various 

conditions associated with a decline in red blood cell counts [7]. 

 

In human sports, various methods of detecting rHuEPO administration have been employed. 

These include setting upper limits for hemoglobin and hemacrit levels [8], using isoelectric 

focusing (IEF) to detect differences in the charge profiling of endogenously versus exogenously 

produced EPO in urine [9], and using sarcosyl polyacrylamide gel electrophoresis (SAR-PAGE) 

[10] to detect rHuEPO in serum and urine. For the latter two methods, the detection window is 

quite short, ranging from 24-85 hours from time of administration [9,10]. Recently, there have 

been reports of micro-dosing, where small amounts of rHuEPO are administered over a long 

period of time to avoid detection [11]. Currently, the Athlete Biological Passport (ABP) regulates 
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rHuEPO abuse and other blood doping agents in human athletes indirectly by monitoring for 

changes in hematological values such as hemoglobin, reticulocytes, and red blood cell count in 

an individual overtime [11]. However, this screening method fails to detect micro-doses of 

rHuEPO [11]. An alternative that has recently been investigated is using transcriptomic 

biomarkers to detect micro-dosing and supplement the ABP [12]. 

 

In Thoroughbred racehorses, there is anecdotal evidence of rHuEPO administration to enhance 

performance. A single small study has shown that rHuEPO administration does increase 

aerobic power and performance in horses, but these horses were splenectomized [13], which 

prevents horses from sustaining athletic performance [14]. There are no other studies to date 

that have evaluated the efficacy of rHuEPO administration, but methods of detection of rHuEPO 

administration have been evaluated in horses [15–18].  Routine testing of samples from equine 

athletes for detection of rHuEPO doping has been performed with liquid chromatography 

tandem mass spectrometry (LC-MS/MS) based assays [19,20], which are time consuming and 

cumbersome. Additionally, the detection window is short and micro-dosing is unlikely to be 

detected [19,20] since rHuEPO has a half-life of about 12.9 hours in horses [21]. Monitoring 

hematological values over time, similar to the screening performed in human athletes, is not a 

viable option for detecting rHuEPO doping in horses due to their high RBC reserve and 

contractile spleen [14]. Several methods of detection have been investigated in the horse, 

including serial analysis of gene expression libraries [15], digital droplet qPCR [16], microfluidic 

quantitative PCR [17], and whole-genome resequencing [18]. However, none of the studies 

addressed micro-dosing detection and the bulk of the work optimizing testing methods were 

primarily in vitro. The studies that did administer rHuEPO to horses to test their methods did not 

use horses that were at a similar age or fitness level as racehorses [15–17]. 
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To investigate the effects of rHuEPO micro-dosing in exercising Thoroughbred horses, we 

performed RNA-sequencing (RNA-seq) of peripheral blood mononuclear cells (PBMCs) in an 

experimental study. All horses were on an exercise schedule that simulated the workload of 

Thoroughbred racehorses. Our goal was to identify transcriptomic markers of rHuEPO micro-

dosing to identify illicit doping of racehorses. We hypothesized that genes involved in 

erythropoiesis would be differentially expressed in micro-dosed horses, thereby providing a 

mechanism for testing of micro-dosing in exercising Thoroughbreds. 

 

Methods 

Horses 

Five Thoroughbred mares, aged 4-7 years (median=6), and 5 Thoroughbred geldings, aged 5-6 

years (median=5), were examined by a veterinarian and determined to be healthy. These ten 

horses were put on a consistent exercise protocol prior to and throughout the study. This 

protocol consisted of three days a week on an Equicizer (5 minutes walk, 20 minutes trot, 5 

minutes walk; Centaur Horse Walkers Inc, Mira Loma, CA) and two days per week on a high 

speed treadmill (5 min walk at 1.6 m/s, then 5 min trot at 4m/s, 5 min canter at 7m/s and a cool 

out of 5 min walk at 1.6 m/s, then 5 min walk at 1.6 m/s, incline to 4% and 10 min trot at 4 m/s 

and then 5 min walk at 1.6 m/s; Mustang 2200, Graber AG, Switzerland). Before beginning the 

study, the ten horses were determined to be healthy by physical examination by a veterinarian, 

complete blood count, and serum biochemistry panel. The horses did not receive any other 

medication for at least two weeks prior to beginning the study.  

 

Six of the horses (3 mares, 3 geldings) were randomly assigned to the treatment group and the 

remaining four horses (2 mares, 2 geldings) to the saline control group. The horses in the 

treatment group received a subcutaneous injection of 20 IU/kg of rHuEPO (EPOGEN, Amgen, 
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Thousand Oaks, CA) into the loose skin on the lower chest two times a week, alternating sides, 

(Fig. 4.1) for a total of seven weeks. This dose and frequency was chosen based on a previous 

study of micro-doping done in humans [11]. The route of administration was chosen based on 

previous studies that investigated markers of rHuEPO doping [15]. Horses in the control group 

received a comparable volume of 0.9% saline subcutaneously at the same times. All animal 

procedures were approved by the University of California-Davis Institutional Animal Care and 

Use Committees (IACUC #20319). 

 

 

Figure 4.1. Schematic outlining time points of rHuEPO or saline dosing and blood draws for peripheral 

blood mononuclear cell (PBMC) isolations. The underlined time points indicate the time points that were 

submitted for RNA sequencing. 

 

Sample Collection 

Twenty mL of blood per horse were drawn into EDTA vacutainers immediately prior to initial 

treatment, three days after initial treatment, once a week for the remainder of seven weeks, and 

once a week for three weeks following the final rHuEPO treatment.  

 

PBMC and RNA isolations 

Peripheral blood mononuclear cells were isolated from the EDTA blood using Histopaques 1119 

and 1077 (Sigmal Aldrich, St. Louis, MO) following the company’s protocol, with the exception 

that 5 mL of blood was layered onto the histopaques discontinuous gradient and only the 
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mononuclear layer was collected. RNA was isolated immediately after PBMC isolation using a 

trizol-chloroform phase separation followed by a column clean up (Zymo, Irvine, CA). 

 

RNA sequencing and analysis 

RNA samples from all horses from day 0, day 3, week 1, week 4, and week 7 were chosen for 

sequencing. All RNA had an RNA integrity number >7. Strand-specific libraries (Universal Plus 

mRNA) were created and sequenced on an Illumina NovaSeq to a targeted depth of 30 million 

reads/sample.  

 

Raw reads were trimmed with trimmomatic [22] to remove low quality reads and adapter 

sequences. The read were mapped to EquCab3.0 using STAR aligner [23] and the RefSeq 

annotation (GCF_002863925.1_EquCab3.0). Count data was normalized with transcript per 

million mapped read normalization in EdgeR (version 3.34.0) [24] and limma-voom (3.48.1) [25] 

was used to analyze differential expression. Transcripts that were significantly different between 

treatment groups across two time points were identified using a model including factors for 

treatment group, time point (as a categorical variable), the interaction between treatment and 

time point, and sex. These transcripts were then prioritized to those that were significantly 

different across at least two time point comparisons. Reported P-values were adjusted via the 

Benjamini-Hochberg false discovery rate (FDR), with PFDR<0.05 considered significant. 

 

In order to compare RNA-seq results to these obtained from the RT-qPCR study, counts per 

million (CPMs) for the top three differentially expressed transcripts were transformed by taking 

the log2 of the CPM+1 and then graphed. A mixed-effects model, where horse was a random 

effect and time point, treatment, and their interaction were fixed, was used to confirm significant 

differences between treatment groups. GraphPad Prism (GraphPad Software, San Diego, 

California USA, www.graphpad.com) was used to create the model and perform post-hoc 
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multiple comparison testing. Stringtie [26] was used to determine if there were multiple isoforms 

of the three transcripts of interest present in the RNA-seq. 

 

RT-q PCR validation 

To validate the top transcripts across all time points, primers were designed to span two exons 

of the target transcripts (Supplemental Table 4.S1). The RNA-seq data was used to design the 

primers and ensure reads were present at the primer locations. The same aliquot of RNA (1200 

ng) that was used for RNA-seq from each horse at every time point was reverse transcribed into 

cDNA with Superscript III (Thermo Fisher Scientific, Waltham, MA). Reverse transcriptase 

quantitative PCR (RT-qPCR) was performed in triplicate using SYBR green on an AriaMx Real-

Time PCR System (Agilent, Santa Clara, CA). The housekeeping gene B2M was used for 

normalization. The ΔΔCt values and fold changes were calculated to determine differential 

transcript expression between treatment groups and time points. A 2-way repeated measures 

ANOVA was used to identify if there was any significant differences between saline and 

rHuEPO treated groups or time points. 

 

Supplemental Table 4.S1: Primer sequences 

Transcript Coordinates Forward Sequence Reverse Sequence 

C13H16orf54 
chr13:20,454,043-

20,454,707 

CAGCATGATGGGGATA

CAGG 

AGAGAGGAGCCCAGGA

CTGA 

PUM2 
chr15:76,186,319-

76,188,177 

CTGCTGAGCGACAAAT

GGTA 

TGACCACGAATACGAG

TAGCC 

CHTOP chr5:40,507,416- GCATCGGCTGTTTGTTC AGTCAGCGCCGAAAGT
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40,508,838 TTC TG 

B2M 
chr1:145,961,343-

145,964,675 

TCGGGCTACTCTCCCT

GACT 

CGTGAGTAAACCTGAA

CCTTCG 

 

Results 

Horses 

All horses successfully completed both the exercise and micro-dosing protocol, except for one 

horse (#790) in the treatment group that colicked after rHuEPO administration ended and 

temporarily stopped the exercise protocol. There is no evidence that the colic was related to 

rHuEPO administration. Administration of subcutaneous rHuEPO did result in apparent 

discomfort in 5/6 horses after each injection, as indicated by pawing after the injection, leg 

swelling in one horse, and hives and swelling or edema at the injection site in four horses the 

day after injection. 

 

RNA sequencing and differential transcript analysis 

Our targeted depth of 30 million reads/sample was achieved, with an average of 37.2M raw 

reads and 36.8M trimmed reads. Multidimensional scale analysis indicated that there was no 

obvious grouping of samples by time point, treatment, or individual (Supplemental Fig. 4.S1).  
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Figure 4.S1. Multidimensional scaling (MDS) plots of read counts normalized by EdgeR. (A) MDS plot 

indicating time point by shape and treatment group by color. (B) MDS plot showing each individual horse 

(denoted by each individuals’ numbers). 

 

Twenty-one transcripts were determined to be differentially expressed at PFDR<0.05 

(Supplemental Table 4.S2). Of the transcripts that were only significant at one time point 

comparison, 13 were downregulated with EPO administration and 4 were upregulated. Four 

transcripts (C13H16orf54 upregulated, LOC106783439 upregulated then downregulated, PUM2 

upregulated, CHTOP downregulated) were significantly dysregulated across two or more time 

comparisons (Supplemental Table 4.S2, bolded) and prioritized for RT-qPCR. 

Table 4.S2: Transcripts significantly differentially expressed between treatment 

groups (EPO vs Control) across two time points. D = day, logFC = log of fold 

change, AveExpr = average expression across all samples, P.Value = raw P-

value, adj.P.Val = FDR corrected P-value. Bolded transcripts are those that are 

significantly differentially expressed at more than one time comparison. 
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Time point Gene.name logFC AveExpr P.Value adj.P.Val 

D7 v D0 

BCORL1 -6.91 3.58 1.04E-06 7.90E-03 

C13H16orf54 6.68 3.98 1.48E-06 7.90E-03 

LOC100630352 6.32 5.13 2.25E-06 8.04E-03 

SLC16A13 -6.61 4.45 7.80E-06 1.53E-02 

ARHGEF3 -7.18 3.39 1.06E-05 1.53E-02 

LOC111776172 -4.96 5.93 1.11E-05 1.53E-02 

LOC106783439 4.70 5.05 1.14E-05 1.53E-02 

LOC111767722 -6.38 2.94 1.15E-05 1.53E-02 

PUM2 4.40 5.19 1.28E-05 1.53E-02 

CCDC6 -6.17 2.92 1.43E-05 1.53E-02 

INTS10 -6.56 2.85 1.61E-05 1.57E-02 

SAV1 -6.48 3.80 2.74E-05 2.45E-02 

RBBP7 -5.70 4.16 3.41E-05 2.80E-02 

ACVR1B -6.41 3.24 3.66E-05 2.80E-02 

CHTOP -4.03 4.68 4.42E-05 3.15E-02 

NSG1 5.34 3.92 7.67E-05 4.98E-02 

ZBTB14 -6.47 1.41 7.91E-05 4.98E-02 

D7 v D3 

LOC106783439 5.31 5.05 2.76E-07 2.42E-03 

CHTOP -5.00 4.68 4.53E-07 2.42E-03 

PUM2 4.11 5.19 1.21E-05 4.32E-02 

C13H16orf54 5.55 3.98 2.08E-05 4.64E-02 

SLC20A1 -5.43 3.42 2.17E-05 4.64E-02 
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D28 v D0 SNX32 -0.39 13.85 9.48E-07 1.01E-02 

D28 v D7 

LOC106783439 -5.08 5.05 2.90E-07 3.10E-03 

LOC100066849 7.49 2.30 1.32E-06 7.08E-03 

WBP11 5.08 5.08 3.27E-06 1.17E-02 

CHTOP 4.24 4.68 1.25E-05 3.35E-02 

D49 v D7 LOC106783439 -5.90 5.05 7.55E-09 8.08E-05 

 

 

RT-qPCR 

Of the four prioritized transcripts (Supplemental Table 4.S2, bolded), one transcript 

(LOC106783439) did not have any exons that aligned between individual horses in our data set 

or with the reference exons, indicating an error with the reference. This transcript was thus 

excluded from further investigation. Primers were successfully designed for the remaining three 

transcripts (C13H16orf54, PUM2 and CHTOP; Supplementary Table 4.S1) and reference 

transcript (B2M; Supplementary Table 4.S1). There were no significant differences identified 

between treatment groups for any of the transcripts of interest via RT-qPCR (Fig. 4.2). 
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Figure 4.2. Fold change of (A) C13H16orf54, (B) PUM2, and (C) CHTOP mRNA as determined by RT-

qPCR at each time point. Expression is in relation to B2M. D stands for day and W indicates week. Each 

data point is an individual horse, saline treatment as teal and EPO-dosed horses as purple. There was no 

significant difference of expression between treatment groups. 

 

To confirm that the results of our model were present in the raw data, we graphed the CPMs 

(Supplemental Fig. 4.S2) of the three transcripts of interest at each time point. After 

transforming the CPMs, PUM2 was not significant between treatments, but C13H16orf54 and 

CHTOP were significantly different at 7 days (P=2.9x10-5, P=0.016, respectively).  

 

We hypothesized that there may be multiple isoforms of the transcripts of interest and that 

differential expression of the transcripts is what is leading to the conflicting results between the 

RNA-seq and RT-qPCR. We determined that, in our data set, there were nine PUM2 isoforms 

and five isoforms of CHTOP. Seventeen of the possible 22 exons in PUM2 are conserved 

across all transcripts present in the data set, and in CHTOP, there are 4 exons conserved 

across all transcripts with 7 total possible exons. The primers for RT-qPCR were designed to 

amplify exons that were conserved across the majority of isoforms. Primers to amplify PUM2 

spanned exons 6-7, and primers for CHTOP spanned exons 2-3. However, this prevented the 

detection of different isoforms.  
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Figure 4.S2. CPMs transformed by log2(CPM+1) of (A) C13H16orf54, (B) PUM2, and (C) CHTOP across 

five time points (in days) from RNA-seq. Each data point is an individual horse with saline treatment as 

teal and EPO-dosed horses as purple. There is a significant difference between treatment groups at 7 

days for C13H16orf54 and CHTOP. * PFDR<0.05, **PFDR<0.01, ****PFDR<0.0001 

 

Discussion 

This study set out to identify transcriptomic markers of rHuEPO micro-doping in Thoroughbred 

racehorses. Like endogenous EPO, rHuEPO binds to the EPO receptor on erythroid progenitor 

cells, initiating a signaling cascade that leads to the binding of key transcription factors that 

induce production of more red blood cells [27]. Increasing the number of red blood cells 

increases the total oxygen available and aerobic power [1]. Thus, we hypothesized that we 

would identify significantly differential transcripts that were involved in erythropoiesis.    
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RNA-seq from PBMCs isolated throughout the experiment identified three transcripts that 

changed significantly over time between treatment groups. C13H16orf54 and PUM2 were 

upregulated and CHTOP was downregulated with EPO administration. The function of 

C13H16orf54 is unknown, but in humans, it is primarily expressed in whole blood [28]. Slightly 

more is known about the involvement of PUM2 and CHTOP in erythropoiesis. PUM2, an RNA-

binding protein, has been shown to have a role in hematopoietic stem cell survival and 

proliferation [29]. Hematopoietic stem cells are progenitor cells to erythroid stem cells that 

develop into red blood cells [30], so it follows that PUM2 changes with rHuEPO dosing. CHTOP 

is an important regulator of γ-globin gene expression, which is a fetal globin gene [31]. A 

previous small study administered rHuEPO to patients with sickle cell anemia and β-

thalassemia and identified an increase in their γ-globin levels [32]. rHuEPO has been further 

investigated in the treatment of β-thalassemia patients in combination with the fetal globin gene 

inducer butyrate [33]. A pilot study demonstrated that the rHuEPO was required in some 

patients to respond to butyrate [33], indicating that rHuEPO and γ-globin, can work 

synergistically to increase total hemoglobin concentrations. Our study further supports the 

relationship between rHuEPO dosing and γ-globin expression. 

 

With the significant gene expression differences not validated using RT-qPCR, the development 

of a diagnostic test to detect rHuEPO doping in racehorses is hindered. Although the same RNA 

was used for both RNA-seq and RT-qPCR, RT-qPCR is subject to more variability [34]. 

Complementary cDNA synthesis and use of a reference gene in particular add to the variability 

of the technology [34]. Additionally, since both PUM2 and CHTOP have several known 

transcript isoforms, specific isoforms may be differentially expressed with rHuEPO 

administration. In our data set, there were nine PUM2 isoforms and five isoforms of CHTOP. 

The RT-qPCR primers were designed to target the exons that were most conserved throughout 
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the isoforms. However, this might have masked significant isoforms that were detected by the 

more sensitive RNA-seq. This poses a point of consideration for future studies evaluating 

transcriptomic markers of doping. 

 

A limitation to this study is the small sample size of ten horses, with six administered rHuEPO 

and four saline. Six horses have been shown to be a sufficient population size to identify 

significantly differential gene expression in horses [35]. In an effort to identify differentially 

expressed transcripts with a limit of ten horses, the horses were separated into unbalanced 

groups. However, our results require validation in another larger population of exercising 

Thoroughbreds.  Furthermore, the dosing regimen selected for this study was designed based 

on previous studies done in horses and humans [11,15], but it was not evaluated to determine 

effect on performance.  

 

Recent, highly-publicized positive drug results in horse racing have highlighted the need for 

reliable tests. While these were not identified as rHuEPO, preventing any illicit drug doping 

protects the health and safety of both horses and jockeys, and it protects the integrity of a sport 

that has a substantial betting culture. A case study was published reporting on two 

Thoroughbreds that developed anti-rHuEPO antibodies which ended up cross-reacting with 

endogenous EPO, decreasing erythropoiesis and causing anemia [36]. While the risk of this 

happening more broadly is not known, it is further motivation to deter the use of rHuEPO as a 

performance enhancing drug.   

 

In summary, we identified two transcripts that were significantly upregulated and one transcript 

that was significantly downregulated in horses administered micro-doses of rHuEPO. The 

changes in C13H16orf54, PUM2 and CHTOP provide insight into the effects of rHuEPO dosing.  

Since these differences were not detectable via RT-qPCR, these transcripts are not suitable 
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biomarkers of rHuEPO micro-doping. Further work is required to validate these findings and 

determine the optimal way to use transcriptomic data to inform micro-doping detection tests.  
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Concluding Discussion 

The investigations into the genetic mechanism of Atypical Equine Thrombasthenia (AET), RNA 

sequencing (RNA-seq) library preparation methods for long non-coding RNA (lncRNA) 

detection, and transcriptomic markers of recombinant human erythropoietin (rHuEPO) micro-

dosing presented in this thesis have advanced the current knowledge of the genomics of 

inherited and induced hematological disturbances in Thoroughbred racehorses. A whole-

genome variant analysis study and subsequent molecular and functional studies identified two 

putative variants (SEL1L c.1810A>G p.Ile604Val and VIPAS39:g.22685398_22685470del), 

which may play a novel role in platelet function. Further work is necessary to elucidate the 

definitive causative variant, but identifying the mechanism of AET will deepen our understanding 

of platelet function during injury. Additionally, determining the causative variant for AET will 

allow for the identification of affected horses to ensure any injuries are managed closely. 

 

After identifying a lncRNA associated with AET, an investigation into the optimal RNA-seq 

library preparation method for lncRNA detection was performed that can inform future equine 

lncRNA study design. A comparison between two tissues from the same two horses was used 

in the first systematic comparison of RNA-seq library preparations in the horse. Poly-A+ 

selection was determined to be better overall for identifying lncRNA as compared to rRNA 

depletion. However, rRNA-depletion identified small nucleolar RNA (snoRNA) at higher relative 

levels than with poly-A+ selection, which may make rRNA-depletion better for snoRNA studies.  

 

In addition to studying an inherited bleeding disorder in Thoroughbred racehorses, we also 

investigated an induced hematological disturbance by identifying transcriptomic makers of 

rHuEPO micro-dosing. This was the first study in equine athletes to focus on micro-dosing and 

the only rHuEPO study to use Thoroughbreds that were of similar age and fitness to American 
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Thoroughbred racehorses. We identified three transcriptomic markers (C13H16orf54, PUM2 

and CHTOP) of rHuEPO micro-dosing, but RT-qPCR was not sensitive enough to replicate the 

differences observed with RNA-seq. While these are therefore not suitable biomarkers to 

develop a commercial test to detect illicit rHuEPO micro-doping in racehorses, identification of 

these dysregulated transcripts support altered hematologic properties in these horses following 

micro-dosing. Further study is needed to determine a more accurate way to commercially 

quantify these biomarkers or to investigate additional biomarkers of rHuEPO micro-dosing that 

are feasible to use as a diagnostic test for doping.  

 

A broader understanding of the genomics of inherited and induced hematological disturbances 

in horses may provide methods to better support the overall health of the Thoroughbred breed. 

Identification of inherited bleeding disorders can inform breeding and management decisions, 

and accurate detection of illicit doping can deter the use of the drugs which, in turn, can prevent 

unintended side effects in the horses. These changes may lead to lower frequencies of epistaxis 

and sudden death due to cardiac events, both of which can impact the economic viability and 

overall integrity of the racehorse industry. 
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Abstract  

Background: Genetic mutations have been identified for inherited degenerative axonopathies 

in other species with none identified in horses to date. In 2020, six related Quarter horse (QH) 

foals were identified that had developed a novel acute onset of ataxia at 1-4 weeks of age.   

Hypothesis/Objectives: We aimed to define the clinicopathologic and histologic findings in 

these QH foals, to determine the mode of inheritance, and to identify an associated genomic 

region. 

Animals: Six affected foals (n=3 females and n=3 males) underwent clinical and postmortem 

evaluations. Whole-genome sequencing (WGS) was performed on n=5 affected, n=8 unaffected 

related (n=4 parents and n=4 half or full siblings) and n=11 unaffected unrelated QHs. 

Methods: Routine blood work, cerebrospinal fluid cytology, imaging, serum α-tocopherol 

assessment and necropsy were performed. Pedigrees were evaluated and homozygosity 

mapping performed on WGS to identify a genomic region of association with the phenotype.  

Results: Hyperglycemia and increased serum GGT were common findings in the affected QH 

foals. At necropsy, Wallerian degeneration was most prominent in the dorsal spinocerebellar 

tract but also within the cuneate and ventromedial tracts of the spinal cord, with no lesions 

identified in the brainstem or cerebellum. The degenerative axonopathy was inherited as an 

autosomal recessive trait. WGS identified a 2.28 Mb region of association on chromosome 11. 

Conclusions and Clinical Importance: An autosomal recessive degenerative axonopathy 

exists in QH foals with the likely putative functional variant in a haplotype region on 

chromosome 11. Elucidating the genetic cause for this disease will allow for genetic testing to 

prevent future cases. 
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Introduction 

Degenerative axonopathies have been characterized by progressive pelvic limb ataxia and 

paraparesis [1–6] in other species, including cattle and sheep. This ultimately leads to 

permanent recumbency in a responsive animal. Progressive limb ataxia, mainly affecting the 

pelvic limbs, and paraparesis primarily indicate lesions in the spinal cord between the second 

thoracic (T2) and third lumbar (L3) segments; however, peripheral nervous system, brainstem, 

cerebellum, or even cerebrum may also be involved [7]. In cattle, progressive limb ataxia and 

paraparesis can result from trauma [8], vertebral/extradural abscessation [9], degenerative 

myelopathies due to organophosphate toxicity [10] or inherited defects [11,12]. In horses, 

trauma [13] and infection [14] have been reported to result in similar clinical signs; however, 

there are no reports to date of inherited defects leading to an early-onset progressive limb 

ataxia and paraparesis. Thus, the aims of this prospective study were to characterize the clinical 

and pathologic findings of a novel inherited degenerative axonopathy in the American Quarter 

Horse (QH).  

 

Methods 

Animals  

Ethics statement. All procedures were approved by the University of California-Davis 

Institutional Animal Care and Use Committee (protocol #20751) and carried out in accordance 

with guidelines and regulations. Written owner consent was obtained for all sample collections.  

 

2020 affected foals. Six QH foals diagnosed with equine juvenile degenerative axonopathy 

(EJDA) were used for this study. In March of 2020, a 3-week old Quarter horse (QH) filly (Case 

#1) presented to Oregon State University Carlson College of Veterinary Medicine with an acute 
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onset of ataxia (grade 4/5 [15], pelvic >> thoracic), which progressed within five days, to pelvic 

limb paresis. Mentation and cranial nerve evaluations were normal, and there was no history of 

trauma as the foal was maintained under video surveillance. Routine blood work revealed 

leukocytosis, hyperglycemia and increased serum GGT and SDH concentrations (Table A.S1). 

Cerebrospinal fluid (CSF) was collected, found to be cytologically normal and tested negative 

for equine protozoal myeloencephalitis (EPM) using the Indirect Fluorescent Antibody Test. 

Computed tomography (CT) with contrast and a CT myelogram were performed with no 

abnormalities identified. Whole blood selenium concentrations were normal and serum α-

tocopherol concentrations were high in the foal (Table A.S1) and normal in the dam (2.64 

μg/mL). Despite intensive care, the filly became unable to stand within five days of presentation 

and was subsequently euthanized. A full necropsy evaluation at Oregon State University did not 

identify any gross lesions. Histologic evaluation was performed at University of California, Davis 

(KW). Within the spinal cord, dilated myelin sheaths with digestion chambers were identified, 

most prominent in the dorsal spinocerebellar tract, but also within the cuneate and ventromedial 

tracts, consistent with a degenerative axonopathy. There were no lesions identified in the 

brainstem or cerebellum.  

 

One week after this case, two additional cases (Cases #2 and 3) were identified in Texas with 

similar clinical presentations and diagnostic findings (Table A.S1). These foals were 

subsequently euthanized and samples sent to the California Animal Health and Food Safety 

Laboratory for DNA collection and histologic review. Lesions at necropsy followed a similar 

distribution to Case #1.  In April of 2020, an 11-day old QH filly (Case #4) was presented to UC 

Davis with similar clinical signs (Table A.S1). Neurologic deficits progressed to recumbency 

within 3 days, necessitating euthanasia. Necropsy findings were consistent with previous cases. 

In May of 2020, another two related QH foals (Cases #5 and 6) in New Mexico were identified 

with similar clinical presentations (Table A.S1). Samples were collected and shipped to UC 
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Davis for necropsy evaluation, with similar findings as the previous cases. There were no 

lesions within the brainstem and both serum and hepatic vitamin E concentrations were high in 

these foals (foals had all been supplemented at birth), eliminating equine neuroaxonal 

dystrophy/ degenerative myeloencephalopathy (eNAD/EDM) as a potential cause. 

  



 

 
 

 

 

 

Table A.S1: Summary of clinical presentation and diagnostic findings for six QH foals with SCA. CBC=complete blood 

count, Chem=serum biochemistry, CSF=cerebrospinal fluid, CT=computed tomography, EPM=equine protozoal 

myeloencephalitis, N/A=not available, SCA=spinocerebellar ataxia, TP=total protein, WNL=within normal limits; d=day, 

w=week, month. Values in red are elevated relative to reference ranges for foals  

Case Signal-

ment 

Age 

of 

onset  

CBC / Chem Results Other Dx Results Vitamin E in 

serum unless 

otherwise 

noted(μg/mL) 

Necrop

sy 

Finding

s 

WBC 

(/μL) 

Glucose 

(mg/dL) 

GGT 

(IU/L) 

Bilirub 

(mg/dL) 

CSF EPM Imaging 

1 3 w 

female 

2 w 13,890 265 156 2.6 WNL Neg CT 

myelogram 

- WNL 

21.8  SCA 

2 2 w 

female 

2 w 9,200 163 74 1.6 Elevated 

TP (99 

mg/dL) 

N/A MRI – 

WNL 

N/A SCA 

3 4 w 

male 

1 mo 15,200 168 274 3.7 N/A N/A Radiograp

hs- suspect 

L5-6 

fracture 

N/A SCA – 

no 

fracture  

4 1.5 w 

female 

7 d 10,860 162 39 1.7 WNL Neg N/A 33 SCA 

5 2 w 

female 

1 w N/A N/A N/A N/A N/A N/A N/A N/A SCA 

6 5 w 

male 

1 mo N/A N/A N/A N/A N/A N/A N/A 200 hepatic SCA 

1
18
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Unaffected related control horses. Blood samples were collected from all dams, one sire, one 

unaffected full sibling, and three unaffected half-siblings for DNA extraction. 

 

Unaffected unrelated control horses. Eleven healthy adult unrelated QHs (5 geldings, 6 mares, 

age range 3-15 years) sequenced as part of the Pioneer 100 Horse Health Project at the UC 

Davis Center for Equine Health were used as additional control samples. These horses had 

been clinically phenotyped by two of the investigators (CGD and CJF) in 2020 and 2021, with no 

neurologic abnormalities identified.  

 

DNA extraction 

Genomic DNA was isolated from whole blood samples according to the WIZARD Blood DNA 

Extraction Kit protocol (Promega, Madison, WI). If no blood sample was available, genomic 

DNA was isolated from available tissue (3 horses) using the Gentra Puregene Tissue kit 

(Qiagen, Germantown MD).  

 

Pedigree Analysis 

Six-generation pedigrees were available for all affected QH foals and constructed using 

Pedigraph [16]. 

 

Whole-genome sequencing 

Genomic DNA from n=5 affected, n=8 unaffected related and n=11 unaffected unrelated QHs 

was sequenced on the Illumina HiSeq2500 at approximately 30X coverage. The reads were 

trimmed with fastp [17], mapped to EquCab3.0 with Burrows-Wheeler Aligner (BWA-MEM) 

[18,19] and sorted by coordinate with samtools [20]. PCR duplicates were removed with 
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Sambamba markdup [21], and Freebayes [22] and Delly [23] were used to call variants. The 

functional effects of the variants were predicted using SnpEff [24], and the variants were filtered 

by segregation using Fisher’s Exact Test with SnpSift [25]. 

 

Homozygosity Mapping 

SNPSift [24,25] was first used to filter the resulting .vcf file by quality, using a variant Phred 

threshold of 30 (Q≥30) and then pruned for strong local linkage disequilibrium using PLINK 

(--indep-pairwise 50 50 0.2) [26], leaving 1,873,121 variants for homozygosity mapping. 

Homozygosity mapping was performed in plink [26] using a 50 kb sliding window and allowing 

for n=8 heterozygotes in each window (i.e. 8 related unaffected horses). Overlapping segments 

were identified using –homozyg-group and further filtered by regions of shared homozygous 

alleles in only the five affected foals. 

 

Positional Candidate Gene Evaluation 

The variants in the associated haploblocks identified by homozygosity mapping were evaluated 

for conservation across 100 vertebrate species by using University of California Santa Cruz 

(UCSC) Genome Browsers’ (genome.ucsc.edu) LiftOver and Table Browser tools. Variants that 

had a phastCons score of over 0.6 were prioritized and the presence of the variants was 

evaluated in a cohort of 159 horses that were whole genome sequenced for other projects. 

Variants that were homozygous in healthy horses were excluded. 

  

Results 

Pedigree analysis 
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The pedigrees of the six affected foals were obtained and a pedigree analysis was conducted 

using Pedigraph [16]. Four of the affected foals shared a sire and all foals were related on the 

sires’ side within four generations. The foals were also related on the dams’ side within four 

generations. The pedigree analysis indicates an autosomal recessive mode of inheritance for 

the disease (Fig. A.1).  

 

Figure A.1. Pedigrees of affected horses as indicated by red shapes. Number correspond to case 

number. Squares indicate males and circles are females. 

 

Necropsy results 

Necropsies were performed on all affected foals. Examined tissues included the gluteal muscle, 

semitendinosus muscle, epaxial lumbar, epaxial thoracic, kidney, intestine, spleen, liver, lung, 

heart, spinal column, brainstem, cerebellum and cerebrum. There were no gross lesions 

consistently observed across all the cases. Case #2 did have hemorrhage in the epaxial 

muscles as well as epidural hemorrhage, but this was not seen in any other cases. In all the 

cases, myelin sheaths with digestion chambers were identified, most prominent in the dorsal 
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spinocerebellar tract (Fig. A.2) but also within the cuneate and ventromedial tracts of the spinal 

cord, consistent with degenerative axonopathy. Case #2 also had axonal spheroids and gliosis. 

No lesions were identified in the brainstem or cerebellum. 

 

Figure A.2. Digestion chambers (arrow) in dorsal spinocerebellar tract of representative affected foal. 

 

Homozygosity mapping 

Whole genome sequencing was performed on 5 cases, 3 of the dams, 1 of the sires, 4 

siblings/half-siblings, and 11 unrelated controls QHs. Variant analysis identified an associated 

region on chromosome 11 (Fig. A.3).  
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Figure A.3. Manhattan plot of chromosome 11 and corresponding QQ plot. All variants that have p<0.001 

are included. Red line indicates Bonferroni correction. 

 

Homozygosity mapping identified two unique runs of homozygosity present in all affected foals 

and none of the related or unrelated controls horses. Both blocks of homozygosity were on 

chromosome 11 (chr11:2783556-5064747, chr11:5073050-7955023). Within these blocks, there 

were 854 variants. Using the LiftOver and Table Brower functions on UCSC Genome Browser 

(genome.ucsc.edu), phastCons conservation scores were determined for 604 of the variants. 

The remaining 250 variants could not be successfully lifted over to the analogous position in the 

human genome. Of these 604 variants, 12 variants had a phastCons score >0.6. One of these 

variants was subsequently identified to be homozygous in a healthy QH in a data set of 159 

whole genome sequenced horses of varying phenotypes. The variant was excluded, leaving 11 

prioritized variants for further investigation (Table A.1). 
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Table A.1: Prioritized Variants 
Coordinates Ref allele Alt allele 

chr11:4105363 C T 
chr11:4127390 A G 
chr11:4131093 T C 
chr11:4404747 T C 
chr11:4394325 G A  
chr11:2998975 C A  
chr11:2987471 C G 
chr11:3282492 G A  
chr11:4077222 G C 
chr11:4078820 G C 
chr11:3705792 T C 

 

 

Discussion 

The purpose of this study was to describe a novel degenerative axonopathy recently identified 

in QH foals, to determine the mode of inheritance and to identify an associated genomic region. 

The affected QH foals consistently presented with acute onset of ataxia within the first month of 

life that progressed to pelvic limb paresis and death (if the foal was not euthanized). At 

necropsy, there were no consistent gross lesions identified across all samples; however, 

histologic assessment identified myelin sheaths with digestion chambers prominently in the 

dorsal spinocerebellar tract but also within the cuneate and ventromedial tracts of the spinal 

cord. No lesions were identified in the brainstem or cerebellum. This histologic diagnosis is 

consistent with a degenerative axonopathy.  

 

Pedigree analysis of the affected horses supports a recessive mode of inheritance and thus a 

genomic investigation was pursued. Without strong candidate genes for EJDA, a whole 

genome-association study was performed and an associated region on chromosome 11 was 

identified. Eleven putative variants were identified within this region. Genotyping additional 
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unaffected siblings and affected cases will be necessary to investigate functional effects of the 

putative variants. 

 

One limitation of this study is the small number of affected horses (n=5). However, a previous 

study of a recessive genetic disease in horses identified the causative variant by whole genome 

sequencing only two affected horses [27].  While the two horses in that study were 

Thoroughbreds which are more inbred than QHs [28], increasing the affected population to five 

horses and including more related unaffected horses (n=8) should be sufficient to identify the 

causative variant in a more genetically diverse breed [28].  

 

A recent retrospective study of the causes of spinal ataxia of horses in California from 2005-

2017 found that of the 2,861 horses necropsied during the time period, 316 of them were ataxic 

[29]. The most common causes of ataxia were cervical vertebral compressive myelopathy, 

equine neuroaxonal dystrophy/equine degenerative myeloencephalopathy (eNAD/EDM) and 

trauma [29]. In QHs specifically, eNAD/EDM was the most common diagnosis [29]. Thus, 

eNAD/EDM was a strong differential diagnosis for this early-onset ataxia in QH foals. However, 

the defining lesions for eNAD – spheroids in the lateral accessory cuneate, medial cuneate and 

gracile nuclei of the brainstem and nucleus thoracicus of the spinal cord [30] – were not 

identified in these foals. Although degeneration of the dorsal spinocerebellar tracts can be 

identified in horses with EDM [30], the absence of spheroids in the grey matter tracts precludes 

a diagnosis of eNAD/EDM. Additionally, vitamin E (alpha-tocopherol) concentrations were 

normal or high in all QH foals that had concentrations measured. Therefore, eNAD/EDM was 

excluded as a diagnosis in these foals.  

 

To date, no degenerative axonopathies have previously been identified in horses, but similar 

axonopathies have been described in cattle and sheep [1–6]. Of the early-onset degenerative 
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axonopathies, only degenerative axonopathy (Demetz syndrome) in Tyrolean Grey cattle and 

bovine spinal dysmyelination in Brown Swiss have lesions confined to the brainstem and spinal 

cord [1,31]. In Tyrolean Grey cattle, degenerative axonopathy is clinically characterized by 

progressive ataxia and paraparesis most prominent in the pelvic limbs starting at one to one and 

a half months of age [1]. Affected calves eventually become recumbent [1]. This is similar to 

EJDA in the QH foals, where the pelvic limbs are more severely affected, and it progresses to 

recumbency. However, EJDA occurs slightly earlier in life (within first month) than in cattle with 

degenerative axonopathy. Bovine spinal dysmyelination affected Brown Swiss cattle are unable 

to stand from birth [31]. In contrast, EJDA foals typically appear healthy at first then progress to 

being unable to stand. For these two comparative inherited degenerative axonopathies of cattle, 

putative variants have been identified and validated. A SNP in mitofusin 2 (MFN2) causing a 

splicing defect was found to be associated with degenerative axonopathy in Tyrolean Grey 

cattle, and a missense mutation in spastin (SPAST) was determined to be associated with 

bovine spinal dysmyelination. Neither MFN2 nor SPAST are located in the associated region for 

EJDA on equine chromosome 11, so these genes are unlikely to be implicated in EJDA. 

 

Other inherited axonpathies (central and peripheral axonopathy of Rouge-des-Pres cattle, 

progressive ataxia of Charolais and neuroaxonal dystrophy of sheep) have lesions extending 

into the cerebrum and/or cerebellum [32–34]. Additionally, canine hereditary ataxia in Old 

English Sheepdogs and Gordon Setters is classified by autophagosome accumulation in 

cerebellar Purkinje cells [35]. Central and peripheral axonopathy of Rouge-des-Pres cattle 

presents as a progressive ataxia most prominently affecting the pelvic limbs, and affected 

calves consistently have a swaying motion of the hindquarters that leads to loss of balance [4]. 

Signs begin between five and sixteen weeks and end in recumbency within one to three weeks 

following onset of signs [4]. QHs affected with EJDA show signs a little sooner and progress 

quicker. A SNP in Solute Carrier Family 25 Member 46 (SLC25A46) was determined to be 
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significantly associated with the phenotype. Progressive ataxia in Charolais cattle is clinically 

characterized by progressive ataxia beginning at six months to five years that gradually 

increases in severity over several months, finally leading to recumbency. EJDA is an earlier 

onset disease with quicker progression. A SNP in kinesin family member 1C (KIF1C) leading to 

a functional knock out was found to be associated with the phenotype. Neuroaxonal dystrophy 

(NAD) in sheep has an age of onset of around six weeks [34], later than EJDA affected QH 

foals. The NAD affected lambs were ataxic with a stiff gait that increased in severity over 

several days to recumbency [34]. Two mutations in phospholipase A2 group VI (PLA2G6) were 

identified as associated with NAD in Swaledale sheep and occur frequently together in affected 

sheep so that the sheep are compound heterozygotes [34]. Lastly, canine hereditary ataxia in 

Old English Sheepdogs and Gordon Setters is clinically characterized by hypermetria, truncal 

sway, and tremors which slowly progresses to more severe gait abnormalities [35–37]. But, 

unlike EJDA, it does not progress to recumbency [35–37]. Histologically, this disease is 

classified by autophagosome accumulation in cerebellar Purkinje cells [35]. An associated SNP 

in RAB24 member RAS oncogene family (RAB24) was identified as associated with canine 

hereditary ataxia. With the differences between these four axonopathies and EJDA, it is 

unsurprising that none of the above four genes are located in the chromosome 11 associated 

haploblock and thus are unlikely to be involved in the mechanism of EJDA. 

 

In summary, the novel fatal neurodegenerative disease identified in QHs in the first month of life 

was determined to be a degenerative axonopathy based on the lesions identified in the spinal 

cord. Additionally, EJDA has an autosomal recessive mode of inheritance, and an associated 

region on chromosome 11 was identified for further study. Once the causative variant for EJDA 

is validated, carriers can be identified through genetic testing to inform breeding decisions. 
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