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Introduction

Entropion is an ailment where the eyelid rolls inward toward the eye, and depending on
severity, eyelashes may contact the cornea (Warwick and Berry, 1962). This condition
occurs in wide range of mammalian species (humans, Zagora, 1966; dogs, Menges, 1946;
horses, Peiffer et al., 1977; sheep Warwick and Berry, 1962). In lambs, entropion
manifests at or shortly after birth, can be present in one or both eyes, both sexes, and
generally affects the lower eyelid (Ellis, 1943; Joyce, 1981). Heritable was estimated to
be 0.08-0.21 in five US breeds of sheep (Sakul and Kellom, 1997) and has a variable
within flock frequency worldwide (1.1-80%; Green ef al., 1995). There are varying
methods to physically correct entropion (Sakul et al., 1996), however intervention can be
labor-intensive and financially prohibitive. Phenotypic selection to reduce entropion has
been successfully in guide dog breeding of Labrador Retrievers reducing incidence from 6.46%
to 3.42% (Feng et al., 2025). Successful selective breeding in dogs and heritability estimates
in sheep indicate there is a genetic basis to entropion. Identification of genes or genetic
markers would allow for the development of a genetic test which could be used in selection
programs to more rapidly eliminate entropion within sheep flocks.

Materials & Methods

Animals. All animal care and handling procedures were reviewed and approved by the
Washington State University Institutional Animal Care and Use Committee and/or by the
U.S. Sheep Experiment Station (USSES) Animal Care and Use Committee. Lambs were
considered positive for entropion within 48 hours of birth when 1 or both lower eyelids
rolled inward as identified by trained technicians or veterinarians. Entropion was recorded
for all lambs born alive at USSES. Sheep sampled for this study were mature ewes with
an approximate percentage of flock representation of four breeds which were unbalanced:
Rambouillet (n=483), Polypay (n=399), Suffolk (n=182), and Columbia (n=68) breeds.
Entropion was documented in 98 ewes and all breeds were represented.

Genotyping. Blood was collected via jugular venipuncture into EDTA -coated vacutainer
tubes. Blood was processed for peripheral blood leukocytes and DNA isolated using the
Invitrogen GeneCatcher gDNA 3-10ml (Life Technologies, Carlsbad, CA; Herrmann-
Hoesing et al., 2007), Gentra PureGene (Qiagen, Germantown, MD), or the New England
Biolabs® Inc. Monarch® Genomic DNA purification kit Blood kit with minor modifications
of manufactures’ instructions. Quantity and quality of DNA were quantified using a ND-
1000 spectrophotometer (Nanodrop, Wilmington, DE) or DS-11 spectrophotometer
(DeNovix®, Wilmington, DE). Genotyping services were provided by Geneseek Inc.
(Lincoln, NE) using the OvineHD BeadChip (Illumina Inc., San Diego, CA) containing
over 600,000 SNP.

Association analysis. A preliminary screen for high genotype call rates (>90%) was
performed to select individuals for further analysis. Single nucleotide polymorphism
inclusion screening criteria was conducted with Golden Helix SNP and Variation Suite:
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missingness by individual (0.1), missingness by marker (0.05), Hardy-Weinberg
equilibrium (1x10°'%), and because of the low number of entropion positive samples minor
allele frequency was 0.001. Quality control was performed on 1132 individual samples
and 606,006 SNP sites which reduced the number of SNP in the dataset to 556,775. A
relationship matrix was generated with the genotypes using GBLUP methodology.
Principle component (PC) analysis was conducted and the first 4 PCs were used as
covariates in a mixed model analysis (EMMAX). Additive, dominant, and recessive
modes of inheritance were evaluated.

Ensembl and NCBI were used to identify annotated genes 50 kb upstream and downstream
of the SNPs within genome assembly OAR Rambouillet v2.0, as the most updated
locations of the SNPs from the OvineHD BeadChip, and then found within v3.0 which is
the current ovine reference genome. Many SNP locations were the same within
OAR_Rambouillet v2.0 and v3.0 but not all. Information about genes within 100kb of the
associated SNPs was compiled with a search of GeneCards® and Pubmed.

Results & Discussion

Plotting of the first two PC grouped sheep by breed. There were five samples that plotted
between Columbia and Polypay that were likely crossbred sheep (Figure 1) but overall, there
are tight breed clusters.
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Figure 1. Principle Component plot. Plotting the first 2 PC separated sheep into breed clusters
with a few probable crossbreds.

Additive and dominant inheritance models identified nearly the same loci. There were 40 and
26 SNP that had a nominal p-values less than 9x10® for the additive and dominant models
respectively. With a Bonferroni correction this was reduced to the same 8 SNP, while FDR
reduce significant SNP to 12 for additive and 14 for dominant analysis and the top 12 SNP
listed in Table 1. The recessive model identified 41 SNP with nominal p-values less than 9x10°
8 however none of these were significant after Bonferroni correction or FDR. Mousel et al.
(2015) and Hirter et al. (2020) found a smaller number of loci that associated with entropion
but those studies had fewer sheep, fewer sheep breeds, or used a beadchip with approximately
50,000 markers.



Table 1. Top ten SNP associated with entropion with Bonferroni correct P-values less than

9x10°8.
SNP 1d Chr  MAF/MAF Bonferroni Genes within 50 Kb
entropion  P-value

15424754277 X 0.015/0.214 1.31x10>°  SHROOM?2*

rs425155658 3 0.017/0.138 4.39x10%  EMILINI*, KHK, OST4,
AGBLS5, PREB, TMEM?214,
ABDH1

rs409105841 25 0.007/0.088 4.18x10%  CTNNA3*

rs404561139 11 0.015/0.114 4.59x10"7  LOC105606871

rs608642649 26 0.044/0.193 2.35x10°"  NEIL3*

Oar3 OAR25 26674229 25 0.016/0.119 2.05x10""  ADAMTSI14

rs424190403 8 0.003/0.039 6.94x10°° PRKN', AGPAT4

rs424012661 11 0.004/0.044 2.04x10®  MYCBPAP', RSADI,
EPN3, ACSF2, CHAD,
SPATA20, CACNAIG

rs422425934 4 0.028/0.123 2.47x107  FAMC3

1s409263594 6 0.020/0.106  3.02x1077 CCSERI*

rs404457198 22 0.004/0.046 3.74x107 CACULI

rs413145285 15 0.004/0.065 4.79x1077 FDXACBI*, CFAPG68,

ALGY9, CRYAB, HSPB2,
DIXDCI

TSNP located within gene

The theme of five of the top SNPs is elasticity and adhesion. The most significant SNP found
in this study is located on chromosome X within SHROOM family member 2 (SHROOM?).
This gene is expressed in mouse endothelial cells and assists in the formation of cellular
contractual network (Farber et al, 2011). Elastin Microfibril Interfacer-1 (EMILINI) on
chromosome 3 is an extracellular glycoprotein that is involved in elastin and collagen fibers
formation and found in multiple tissues of mice including skin (Danussi et al., 2008). Catenin
Alpha 3 (CTNNA3) is expressed in mouse epithelial cells and has a critical role in cell-to-cell
adhesion (Smith ef al., 2011). A Disintegrin and Metallopeptidase with Thrombospondin Type
1 Motif 14 (ADAMTS14) is involved in the formation of collagen fibers in humans and mice
(Colige et al., 2002). MYCBP Associated Protein (MYCBPAP) may be involved in collagen
metabolism in humans (Shi et al., 2026). Together these genes may help explain this phenotype
where there is laxity of the eye lid.

Six of the seven additional top loci had other identified functions or were expressed in skin.
Nei like DNA Glycosylase 3 (NEIL3) is known to perform base excision repair of oxidized
bases in single stranded DNA in humans and mice (Oswalt and Eichman, 20204). Mutations
in Parkin RBR E3 Ubiquitin Protein Ligase (PRKN) have been associated with mitochondrial
dysfunction in humans (Durcon and Fon, 2015). FAM3 Metabolism Regulating Signaling
Molecule C (FAMC3) is a cytocine like growth factor expressed in mouse skin (Pilipenko et
al., 2004). Coiled-Coil Serine Rich Protein 1 (CCSERI) played a role in cell movement and
cell to cell signalling in a human exon deletion study (Kang and Park, 2019). CDK2 Associated
Cullin Domain 1 (CACULI) is a protein capable of promoting cell proliferation in humans
(Kong et al., 2009). Ferredoxin-Fold Anticodon Binding Domain Containing 1 (FDXACBI)
does not have a known function but is expressed in human and mouse skin (GeneCards®).
While these genes may not have a clear role in manifesting entropion further study is warranted.



Conclusions

Entropion can be an animal care issue in sheep because if it is not treated it can lead to eye
infections and blindness. Reducing the incidence of entropion could be furthered by
identifying genomic regions associated with entropion which, with further study, would then
allow for genetic selection in sheep. This research identified SNP within or near five genes
that play a role in elasticity and adhesion which may explain the laxity of the entropion eye
lid. Additional SNP on chromosomes 6, 8, 11, 25, and 26 need to be further evaluated to
understand their roles in the manifestation of entropion. We are continuing to work on
identifying causal mutations within these entropion associated genomic locations.
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