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Summary 

Hemochromatosis is liver disorder in which excess iron is stored in the liver, leading to iron 

overload and extensive liver damage that can prove fatal. Based on human precedence, a genetic 

cause for idiopathic hemochromatosis in horses is suspected. Two horses with hemochromatosis 

were whole genome sequenced, with variants in candidate genes prioritized in analyses of 

potential pathogenicity. No clear putative variants were found to be present in both horses, 

suggesting an etiology more complex than the initially suspected Mendelian inheritance. A 

heterozygous nonsense mutation in STEAP3 metalloreductase (STEAP3) was identified as a 

potential contributor to hemochromatosis in one of the horses. 

  



 

Introduction 

Hemochromatosis in horses is a disorder caused by the deposition of hemosiderin in the 

functional hepatocytes of the liver, resulting in tissue damage and dysfunction that can ultimately 

lead to liver failure and death (Smith, 2009). Clinical symptoms include weight loss, lethargy, 

and anorexia, and no functional treatment has yet been identified (Foreman, 2022). In humans, 

the most common causes of hemochromatosis are genetic (Di Bisceglie, n.d.), which, along with 

cases of hemochromatosis in horses not being associated with excessive dietary iron intake 

(Pearson, et al., 1994), suggests a potential genetic etiology in horses as well. Hemochromatosis 

is rare in horses and may be underdiagnosed, resulting in a limited pool of diagnosed horses that 

can be used to study and thus making identification of causative alleles difficult. Whole genome 

sequencing has proven to be a powerful tool for identifying putative causative alleles, even for 

rare alleles with as few as one diseased individual available for study (Michot, et al., 2015). 

Identification of rare disease-causing alleles by using next-generation genome sequencing and a 

species reference genome has been used in human research for thirteen years (Boycott, et al., 

2013), and knowledge of the genetics of disease etiology in humans has been used to help 

identify candidate genes and causative alleles in livestock species (Peters, et al., 2015).  

The equine genome has been sequenced and high-throughput genotyping arrays, containing 

information on variation in single nucleotide polymorphisms (SNPs), have been developed of 

increasingly high density, facilitating genotyping and research, with the MNEc670k containing 

over 670,000 SNPs (Schaefer & McCue, 2020). A large-scale catalog of genetic variation in 

horses has been developed, based upon 534 individuals and providing a significantly improved 

understanding of background genetic diversity in the horse that vastly increases the ability to 

identify disease-causing alleles (Durward-Akhurst, et al., 2021). These types of genome wide 

association studies, using older, less dense high-throughput genotyping arrays, have already been 

used to identify causative alleles for other genetic diseases in horses, such as dwarfism (Orr, et 

al., 2010) and Lavender Foal Syndrome (Brooks, et al., 2010). 

Material and Methods 

Horses and Genomes 

Two individual horses with a diagnosis of hemochromatosis were paired-end whole genome 

sequenced using Illumina technology to a coverage depth of ~20x. A large-scale catalog of horse 

genetic variants based on 534 horses from 46 breeds was used as a comparison (Durward-

Akhurst, et al., 2021). 

Mapping and Variant Calling 

Fastqc 0.11.8 and Trimmomatic 0.38 were used for standard fastq quality control and trimming. 

The Burrows-Wheeler Aligner (BWA) (Li & Durbin, 2009) was used to align reads to the 

EquCab 3.0 reference horse assembly (Kalbfleish, et al., 2018), with modification for joint 

variant calling by GATK haplotype caller (McKenna, et al., 2010) and BCFtools mpileup (Li, et 

al., 2009). GATK version 4.1.0.0 was also used for indel realignment and base-quality score 



recalibration (DePristo, et al., 2011), using a modified version of Genome Analysis Toolkit best 

practices (Van der Auwera, et al., 2018). Picard tools (https://broadinstitute.github.io/picard/) 

version 2.18.27 was used to detect and remove PCR duplicates. From these, a combined VCF 

was produced, as well as individual VCFs for each horse. 

Prioritization of Candidate Genes 

Genes known to cause hemochromatosis were found through Online Mendelian Inheritance in 

Animals (Sydney School of Veterinary Science, n.d.) (Lenffer, et al., 2006) and Online 

Mendelian Inheritance in Man (McKusick-Nathans Institute of Genetic Medicine, n.d.) 

(Amberger, et al., 2015). Horse genes with ontologies related to iron metabolism and transport 

were collected from AmiGO 2 (Carbon & Mungall, 2018). 

Variant Annotation and Analysis 

Python was used to filter for variants that had allele frequencies of 0.2 or less and were within 

100 base pairs of each candidate gene. The allele frequency was set high to account for likely 

underdiagnosis of hemochromatosis in horses. Variants below the allele frequency threshold in 

all other genes were also analyzed. Consurf (Yariv, et al., 2023) was used to assess the 

conservation of residues across species, and Mutpred2 (Pejaver, et al., 2020), WS-SNPs&GO 

(Capriotti, et al., 2013), and PredictSNP (Bendl, et al., 2014) were used to estimate 

pathogenicity. For one of the horses, the PROVEAN web server (Choi & Chan, 2015) was also 

used to analyze variants. The server was retired before it could be used to analyze the variants of 

the other horse. Splice region variants and synonymous variants were not analyzed due to a lack 

of readily available analysis tools. 

Results 

Below the allele frequency threshold, no variants in the candidate genes were found in the 

homozygous state in both horses. Two gene variants were present in both horses in a 

heterozygous state. None of the algorithms identified either of these variants as potentially 

deleterious, and they were excluded as causes.  

A nonsense variant in STEAP3 metalloreductase (STEAP3) was identified as heterozygous in 

one horse with a MAF of 5.3%. The variant’s PROVEAN score was -1055, with scores below -

2.5 being considered deleterious. STEAP3 is an essential component of iron recycling of 

erythrocytes. Senescent erythrocytes are phagocytosed into endosomes by macrophages. Fe3+ is 

reduced to Fe2+ by STEAP3, allowing for transport across the endosome membrane (Sendamarai, 

et al., 2008). A similar mutation in humans causes hypochromic microcytic anemia with iron 

overload (OMIM: 615234) and is inherited as a dominant trait with partial penetrance 

(Grandchamp, et al., 2011). A knockout study in mice demonstrated increased liver iron levels 

with non-functional STEAP3 (Zhang, et al., 2012). In the case described by Grandchamp, et al., 

the level of mRNA expression of the alleles varied, accounting for the incomplete penetrance. 

The associated anemia and inability to remove iron from the macrophages aligns with the normal 

serum iron levels and iron accumulation in macrophages found in some cases of idiopathic 



hemochromatosis in horses (Pearson, et al., 1994). Hematology results were not available for the 

two genotyped horses in this study. 

Among all gene variants below the allele frequency threshold, three were found to be 

homozygous in both horses. None were associated with liver or iron metabolism function nor 

identified as potentially deleterious by a notable number of algorithms. No gene variants that 

were homozygous in one horse and heterozygous in the other or heterozygous in both horses 

were found that were likely to cause iron metabolism disorders. 

Discussion 

No obvious Mendelian cause for hemochromatosis in horses was found, suggesting a more 

complex genetic etiology. Heterogenous causes are possible as a STEAP3 nonsense mutation in 

one of the two horses analyzed in this study is promising as a potential cause. Hemochromatosis 

may also be polygenic and associated with gene-gene and gene-environment interactions. Future 

genome sequencing of additional horses and more research into equine iron metabolism will be 

needed to further elucidate genetic factors related to the development of hemochromatosis in 

horses.  

Limitations include the paucity of research into equine iron metabolism resulting in the use of 

human iron metabolism information for the determination and prioritization of candidate genes. 

Several types of genetic variants were also not analyzed due to lack of access to analysis tools, 

although no rare variants were homozygous in both horses. 
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