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Project Leader: Kathy Zurbrigg 
Project Title:  Testing for a genetic defect in the hearts of pigs that die in transit to the abattoir. 

 

 

Objectives of the Research Proposal: 
1. The first objective of this project was to determine if genetic differences could be identified between hogs with cardiac 

defects and hogs with normal hearts and hogs with grossly normal hearts but with histologic HCM-like lesions. 

2. The second objective was to determine if the genes associated with HCM-like lesions in swine are similar to the genes 

associated with HCM in people, dogs, and cats. 

3. The third objective was to develop an inexpensive genetic screening test that could be used to eliminate the gene(s) 

associated with cardiac defects from Ontario breeding stock-if genes associated to the heart lesions were discovered. 

 
 
Summary of Research Results (bullet points):  
-The total number of hearts that were examined, genotyped and analyzed for the 06-013 project was 536 (149 in-transit loss 

(ITL) hearts and 387 non-ITL hearts) 
-The average total heart weight, sectioned heart weights and heart weight to body weight ratio were significantly greater 

(statistically significant p>0.05) for the hearts of hogs which died during transit.   

-The visible lesions of: dilated major vessels, dilated atria, dilated left ventricle chamber, dilated right ventricle chamber, left 

ventricle hypertrophy, endocardiosis and pericarditis were more often present in the hearts of hogs that died during transport 

than controls (p>0.05).  All ITL hearts were affected with these visible lesions but 271 non-ITL hearts were also affected with 

these lesions.The average total heart weight, sectioned heart weights and heart weight to body weight ratio were significantly 

greater for the hearts from hogs with visibly affected hearts (p>0.05). 

- Genetic differences between ITL and non-ITL hogs and visibly affected and normal appearing hearts were found on GWAS 

analyses.  The analyses comparing ITL vs non-ITL genotypes had regions of interest (ROI) on chromosomes 1(206-207Mb), 

3(80-81Mb) and 12 (3-4Mb).  The analyses comparing visibly affected hearts vs visibly normal hearts had regions of interest on 

chromosomes 3 (84-85Mb) and 6 (99-100Mb and 108-109Mb) and 12 (3-4Mb). 

-Numerous genes within the ROIs identified in the ITL and Visibly affected heart analyses have been associated with cardiac 

remodelling and heart failure in mice, rats and humans.  More specifically heart lesions such as ventricular wall hypertrophy and 

ventricular chamber dilation and symptoms such as sudden death, as found in the “visibly affected” and ITL hogs have been 

associated with genes in the ROI of both GWAS analyses.   
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Ontario Pork Funded Project 06/13 Final Report –Kathy Zurbrigg 
Testing for a genetic defect in the hearts of pigs that die in transit to the abattoir. 

 Introduction: The number of hogs that die in-transit increases during the summer months in Canada and the cause 

of death has been assumed to be due to heat stress.  Recent research funded by Ontario Pork has demonstrated that 

these deaths are due to changes to the heart wall structure that lead to heart failure.  Hogs with these changes cannot 

tolerate the increased heart load, which occurs during stresses such as sorting and loading for transport, fighting or 

high temperatures.  In the initial Ontario Pork study, the majority of the hogs that died in transit had heart lesions 

comparable to Hypertrophic Cardiomyopathy (HCM), a genetic disease recognized in humans, dogs and cats. 

As a follow-up to the In-transit Loss Study (12-019) an investigation was undertaken to test for genetic markers for 

the development of heart lesions in market hogs.  The project proposal (06-013) stated that heart tissue from pigs 

with (n=48) and without (n=48) gross heart lesions and hearts tissue from pigs with histological lesions of 

cardiomyopathy and no gross lesions (n=48) would be compared for genetic differences and defects (total 144, i.e. 

3X48).  As outlined below, the project was able to collect and compare more than 144 samples for genetic 

differences. 

 

Objectives: 

1. The first objective of this project was to determine if genetic differences could be identified between hogs 

with cardiac defects and hogs with normal hearts and hogs with grossly normal hearts but with histological 

HCM-like lesions. 

2. The second objective was to determine if the genes associated with HCM-like lesions in swine are similar 

to the genes associated with HCM in people, dogs, and cats. 

3. The third objective was to develop an inexpensive genetic screening test that could be used to eliminate the 

gene(s) associated with cardiac defects from Ontario breeding stock-if genes associated to the heart lesions 

were discovered. 

 

Current Status 

 

Background: The budget for the proposal detailed the collection, examination, genotyping and analysis of 144 heart 

samples. Due to the complex nature of the genetic sequencing of HCM in humans, the collaborating genetic 

researchers recommended increasing the sample size as to increase the likelihood of identifying the specific gene or 

genes involved.  Several factors have allowed for an increase to the sample size without a change in the overall 

project cost.  These factors included: the use of heart tissue samples that were collected and examined with other 

funding sources including the CAAP funding from the Agricultural Adaptation Council, the 12-019 OP project, and 

the Ontario Farm Innovation Program-Agricultural Adaptation Council and Neogen’s initiation of the Illumina 80K 

SNP chip which has a dramatically reduced cost over the 60K SNP chip that we budgeted for and used for the first 

batch of samples.  In addition, $5500 from an OMAFRA-University of Guelph funded project was contributed by 

Dr. Terri O’Sullivan to cover additional genotyping costs.  

 

Materials and Methods:   Intact hearts from hogs that died during transport were removed from the carcass and a 

tissue sample from the left ventricle was collected and frozen for genetic testing.  The heart was then placed in 10% 

formalin for preservation.  Dr. Tony van Dreumel examined these hearts grossly.  He also grossly examined hearts 

from pigs that did not die in transit (randomly collected from the processing line) which also had a tissue sample 

removed from the left ventricle and frozen for genetic testing prior to the heart being placed in 10% formalin.  All 

hearts were weighed, sectioned and examined microscopically to confirm the presence or absence of heart lesions.  

Hearts with visible hypertrophy or thickening of the left ventricular (LV) wall and/or hypertrophy of the right 

ventricular (RV) wall (the defining characteristic of HCM hearts in people) were recorded.  Hearts with HCM-like 

microscopic lesions such as fibrosis, cellular disarray, or hypertrophic fibres were also noted and the severity of the 

lesion was scored.  

 

Tissue samples were randomly selected from stored samples of Intransit loss (ITL) hearts and non-ITL heart tissue 

and submitted for genotyping  with the Illumina 60K Single Nucleotide Polymorphism (SNP) chip  to 

GeneSeek/Neogen Laboratories (Lincoln, Nebraska).  A second batch of samples (conveniance sampling of all 

remaining frozen tissue samples which had been examined grossly and histologically by the pathologist) was sent 

for genotyping to the GeneSeek/Neogen Canada Laboratory (Guelph, Ontario) using the Illumina 80K Single 

Nucleotide Polymorphism (SNP) chip.  The Geneseek/Neogen Canada location was not open when the first batch of 

samples was sent for genotyping.  The Canadian office was selected for the second batch due to ease of sample 

shipping and a reduced rate offered on the use of the 80K SNP chip. 

  

Genotyping data were merged and several filters were applied to the dataset to improve data quality. Only SNPs that 

were commonly mapped between the 60K and the 80K SNP chip were used in the analyses.  In addition, data were 

filtered so that only SNPs with a call rate > 0.90, a MAF (Minor Allele Frequency) >0.02. and individual animals 

with a genotyping rate > 0.80 were utilized in the analyses.  Sex of the hog was determined from the genotype data 



using Plink software (v 1.07). Population analyses were completed using multidimensional scaling (MDS) which 

investigates overall how genetically diverse one study group is from another (eg how genetically diverse is the group 

of hogs that died in transit compared to the group that were selected for controls).  The minimum number of genetic 

sub-populations (K) that composed the dataset was estimated using ADMIXTURE’s cross-validation (CV) 

procedure.  The value of K was selected which exhibited a low cross-validation error compared to other K values. 

(https://www.genetics.ucla.edu/software/admixture/download.html) 

 

 Samples were analyzed using the Genome Wide Association Study method method using a Bayesian approach 

(Gensel Software) and a Fst-based approach.  The analyses are a series of statistical tests examining the SNPs 

(Single Nucleotide polymorphisms) genotyped with the Illumina Chips to look for differences between the group 

with the disease of interest and the control or normal group.  For this study, the genotypes of two different “disease” 

groups were examined, pigs that died during transport (compared to those that did not die) [Analyses 1] and pigs 

that have visible heart lesions compared to pigs with hearts that appear normal [Analyses 2].  Hearts were 

categorized as having visible heart lesions if they had moderate to severe hypertrophy  and/or dilation of the left 

and/or right ventricle AND dilation of the major arteries or atria.  The analyses were performed without considering 

pedigree as they were unknown but the average daily temperature from a weather station within 2km of the abattoir 

was included as a covariate in analyses 1 and 2 when the Gensel software was used. SNP windows where 

differences occurred were identified as regions of interest (ROI), and all of the genes within the ROI were 

investigated for established associations with cardiac remodelling and compensatory and de-compensatory heart 

failure.  

 

GWAS Methodology   

To compensate for the great number of genetic groups within the study population (due to many different farms 

involved) and lack of complete clustering between ITL hearts and non-ITL hearts and visibly affected hearts and 

normal appearing hearts, two different types of 1Mb non-overlapping windows analyses were performed:   

A) The Fst approach, which compares the differences of allele frequencies between case and control groups, 

according to the following formula: 

Fstk= Nk/Dk 
where k is the SNP marker k, with frequency p1
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For each window, the mean Fst was calculated across the SNPs included in the window.  The raw value range from 

0 (no differences) to 1 (complete different).  

B) GWAS using the Gensel software which uses a Bayesian approach to predict the regions that explain the highest 

percentage of variability between cases and controls. Because there is no previous information about the analyzed 

trait, the π value was chosen to fit no more markers in any one iteration than there are observations (π=0.99). The 

following model was tested, using the covariate of Average daily temperature (Avt) the day of slaughter from a 

weather station within 2km of the abattoir.  The windows considered were 1Mb non-overlapping. 

 

 a) C1+C2+Avt 

 

C1 and C2 represent the two components of the MDS analysis, to correct for the many genetic groups within the 

study population. 

 

Results  
Heart examinations 

The total number of hearts that were examined, genotyped and analyzed for the 06-013 project was 536 (149 ITL 

hearts and 387 non-ITL hearts).  Of the 149 ITL hearts, 90 were from male hogs, 52 were from female hogs and for 

7 samples sex was not determined.  Of the 387 non-ITL hearts, 189 were male, 188 were female and 10 were not 

determined.  ITL hogs came from 90-100 different farm sites (based on tattoo, with 10 tattoos being unreadable) and 

the non-ITL hogs came from 74 different farm sites.  Table 1. lists the average heart and body weights and weight 

ratios for the ITL and non-ITL hogs. The average total heart weight, sectioned heart weights and heart weight to 

body weight ratio were significantly greater (statistically significant p>0.05) for the hearts of hogs which died 

during transit.  Table 2 lists the number of in-transit loss (ITL) and non-ITL hearts where the HCM-like visible 

lesions were found.  The visible lesions of: dilated major vessels, dilated atria, dilated left ventricle chamber, dilated 

right ventricle chamber, left ventricle hypertrophy, endocardiosis and pericarditis were more often present in the 

hearts of hogs that died during transport than controls (p>0.05).  In the sections of tissue taken from the left 

ventricle,  differences in the severity of the lesion scores between ITL hogs and non-ITL hogs for medial hyperplasia 

and perivascular fibrosis of the coronary artery, myocardial fibre disarray, hypertrophy of myocardial fibres and 

nuclear rowing were found (p<0.05). In the sections taken from the septum, differences in the severity of the lesion 

scores between ITL hogs and non-ITL hogs for medial hyperplasia and perivascular fibrosis of the coronary artery, 

myocardial fibre disarray, hypertrophy of myocardial fibres, interstitial fibrosis and degeneration of myocardial 

https://www.genetics.ucla.edu/software/admixture/download.html


fibres were found (p<0.05). No differences in the severity of any microscopic lesions in the sections from the right 

ventricle were found between ITL and non-ITL hog hearts. 

Table 1. Average heart (gms) and body weights (kg) and ratios for ITL and non-ITL hogs. 

Category Total Heart  
(THW) 

Left 
ventricle 
(LV) 

Right ventricle 
(RV) 

LV/RV Body Weight 
(BW) 

THW/BW 

ITL 
N=149 

461.02* 
SD=73 

281.31* 
SD=45 

110.36* 
SD=28 

2.61 
SD=0.37 

125.29 
SD=9 

3.69 * 
SD=0.54 

Non-ITL 
N=387 

403.89 
SD=49 

251.33 
SD=29 

93 
SD=14 

2.73* 
SD=0.35 

124.58 
SD=5 

3.25 
SD=0.38 

*statistically significant difference p<0.05 

 

Table 2. Number of ITL and non-ITL hogs with hearts that appeared grossly normal or were affected with heart 

lesions of moderate to severe hypertrophy and/or dilation of ventricles, atria or major vessels. 

Category Visibly Normal Hearts Visibly Affected Hearts 

ITL 0 149 

Non-ITL 116 271 

TOTAL 116 420 
 

The hearts of all hogs that died in transit had visible heart lesions.  However, many of the non-ITL hearts also had 

visible heart lesions.  Of the 420 affected hearts, 220 were from male hogs, 187 were from female hogs and for 13 

samples sex was not determined.  Of the 116 visibly normal hearts, 59 were from male hogs, 53 were from female 

hogs and sex was unable to be determined from 4 samples.  The hogs with affected hearts came from 115-125 

different farm sites (10 tattoos were unreadable) and the hogs with normal hearts came from 30 different sites.  A 

comparison of heart weights and ratios for Visible Lesions (affected) versus Visibly Normal hearts is found in Table 

3.  The average total heart weight, sectioned heart weights and heart weight to body weight ratio were significantly 

greater for the hearts from hogs with affected hearts (p<0.05). In the sections of tissue taken from the left ventricle, a 

difference in the severity of the lesion scores between affected and visibly normal hearts for perivascular fibrosis of 

the coronary artery, myocardial fibre disarray and hypertrophy of myocardial fibres was found (p<0.05).  In the 

sections taken from the septum,  difference in the severity of the lesion scores between affected and visibly normal 

hearts for myocardial fibre disarray and hypertrophy of myocardial fibres were found (p<0.05). In the sections taken 

from the right ventricle, differences in the severity of the lesion scores between affected and visibly normal hearts 

for atrophy and fatty replacement of myocardial fibres and hypertrophy of myocardial fibres were found (p<0.05).   

Table 3. Average heart (gms) and body weights (kg) and ratios for Visibly Affected and Visibly Normal Hearts 

Category Total Heart  
(THW) 

Left 
ventricle 
(LV) 

Right ventricle 
(RV) 

LV/RV Body Weight 
(BW) 

THW/BW 

Visibly 
Affected 
N=420 

424.29* 
SD=66 

263.28* 
SD=39 

99.4* 
SD=22 

2.70 
SD=0.38 

124.45 
SD=7.2 

3.42 * 
SD=0.49 

Visibly 
Normal 
N=116 

400.65 
SD=39 

246.22 
SD=22 

91.6 
SD=12 

2.71 
SD=0.30 

125.89 
SD=4.5 

3.18 
SD=0.32 

*statistically significant difference p<0.05 

 

Genetic Analyses 

The genetic relatedness using SNP genotyping data did not show obvious subgroups within each group (ITL/non-

ITL or visible heart lesions/no visible heart lesions). The distribution derived by a MDS (Multidimensional Scaling) 

analysis of cases and controls demonstrated a lack of complete clusterization (separation) between case and controls 

in either Analysis 1 or Analysis 2.  Using ADMIXTURE’s cross-validation (CV) procedure, the value of K that 

exhibited a low cross-validation error compared to other K values was 15.  

Analysis 1 

Based on the sequencing and Genome Wide Association Study (GWAS) of 149 ITL and the 387 non-ITL hearts, 

there were regions of interest on some chromosomes which are significantly different between the two groups.  Each 

region of interest (ROI) encompasses multiple genes.  Chromosomes 1, 3 and 12 had regions of interest. The 

analyses comparing ITL vs. non-ITL genotypes without any additional factors showed regions of interest on 

chromosomes 1 and 3 (Figure 1).  When average daily temperature was added to the analyses then the same ROI on 



chromosomes 1(206-207Mb) and 3 (80-81Mb) were significant along with a new ROI on chromosome 12 (3-4Mb) 

(Figure 2). Table 4 lists the genes found in each region of interest and their basic function if known. 

 
Fig 1: Fst in 1Mb windows for ITL vs. non-ITL hearts. The Fst values are reported in the y-axes, chromosomes are 

reported in the x-axes and are differentiated by colours (1-X). 

 

 
Fig 2: Gensel results in 1Mb windows for ITL vs. non-ITL hearts with Average daily temperature added to the 

model. The percentage of explained variability is reported in the y-axes, chromosomes are reported in the x-axes 

and are differentiated by colors (1-X). 

 

 

 

 

 

 

Table 4.  Genes located in each significant ROI from the GWAS analysis 1 (ITL vs. non-ITL hearts). 

ROI 
(chr #: position 
on the 

Gene Name Basic Function 

1            3                                        

 1            3                              12 



chromosome) 

1:206-207MB PELI2 

 

 

 
 

-The protein encoded by this gene can activate the MAP (mitogen activated 
protein) kinase pathway. This pathway is involved with cardiac hypertrophy. 
The PELI2 gene also has functions in immune system and Interleukin receptor 
signaling 

 

TMEM260 

-the protein encoded by this gene is an interaction protein in the myosin 
protein network, specific function not yet defined. Several myosin proteins are 
associated with Hypertrophic Cardiomyopathy in humans. 
 

 

OTX2 

-The encoded protein influences the proliferation and differentiation of cells 
during mitosis and plays a role in brain, craniofacial, and sensory organ 
development. 
 

 
EXOC5 

-the protein encoded by this gene is  involved with the actin cytoskeletal 
remodeling and vesicle transport machinery 

3:80-81MB 
SPRED2 

-The protein encoded by this gene inhibits the MAP kinase and other signal 
pathways 

 

ACTR2/ ARP2 

-The protein encoded by this gene’s specific function is not known but seems to 
be part of cell shape/structure. Part of the ARP2/3 (Actin Related Protein) 
complex which regulates the actin cytoskeleton of a cell. 

 

RAB1B 

- GTPase (Guanine Triphosphatase) is an enzyme encoded by RAB1B that is  
localized on cytoplasmic surfaces of organelles, essential for vesicle transport 
between ER and Golgi, affects autophagosome formation 

 SLC1A4 No known function for the protein encoded by this gene 

12:3-4MB TIMP2 This gene encodes a protein which is an inhibitor of matrix metalloproteinases, 
degrades the extracellular matrix and had been associated  with cardiac 
hypertrophy and fibrosis 

 USP36 

 
 

The protein encoded by this gene may de-ubitquinate and stabilize the 
trasncription factor c-MYC which is associated with some cancers and cardiac 
hypertrophy 

 CYTH1 The protein encoded by this gene is highly expressed in natural killer and 
peripheral t cells and regulates adhesiveness of the plasma membrane of 
lymphocytes. 
 

 

Analysis 2 

Based on the sequencing and Genome Wide Association Study (GWAS) of 420 visibly affected hearts and the 116 

non-visibly affected hearts, there are regions of interest on some chromosomes which are different between the two 

groups.  Each region of interest (ROI) encompasses multiple genes.  Chromosomes 3, 4, 6 and 12 had regions of 

interest. The FST analysis comparing visibly affected vs. non-visibly affected genotypes showed regions of interest 

on chromosomes 3 (84-85Mb) and 6 (99-100Mb and 108-109Mb) (Figure 3). When average daily temperature was 

added to the Gensul analyses, the ROI was on chromosome 12 (3-4Mb) only (Figure 4). Table 5 lists the genes 

found in each region of interest and their basic function if known. 



 
Fig 3. Fst in 1Mb windows for Visibly Affected Hearts vs. Visibly Normal Hearts. The Fst values are reported in 

the y-axes, chromosomes are reported in the x-axes and differentiated by colours (1-X). 

 

 

 
Figure 4. Gensel results in 1Mb windows for Visibly Affected Hearts vs. Visibly Normal Hearts with average daily 

temperature added to the model. The percentage of explained variability is reported in the y-axes, chromosomes are 

reported in the x-axes and are differentiated by colors (1-X). 

 

 

 

 

Table 5. Genes located in each ROI from GWAS analysis 2 (Visibly Affected Hearts vs. visibly normal hearts) 

ROI  
(chr #: position 
on the 
chromosome) 

Gene Name Basic Function 

               3           6                      

Chromosomes 

                                                 12                       



3: 84-85 MB XPO1/CRM1 The protein encoded by this protein  facilitates the export of 
large molecules across the nuclear membrane 

 C2orf74 No known function of the protein encoded by this gene 

 AHSA2 The protein encoded by this gene is an activator of HSP90 
protein (heat shock protein) 

 PUS10 The protein encoded by this gene is a Pseudouridylate 
synthases, which catalyzes reactions of structural RNAs.. 
Associated with celiac and crohns disease and B cell lymphomas 

 RNU61 The protein encoded by this gene is involved with splicing or 
removal of introns and post transcriptional modification of 
proteins 

4:47-48MB CU207250.1 No known function of the protein encoded by this gene 

6: 99-100MB GREB1L This is an estrogen-responsive gene that is an early responder in 
the estrogen receptor-regulated pathway 

 GATA6 The protein encoded by this gene is a transcription factor plays 
an important role in differentiation and development of heart 
and other organs. 

 ESCO1 This gene belongs to a family of acetyltransferases involved in 
sister chromatid cohesion 

 SNRPD1 This gene encodes a small ribonuclear protein that plays a direct 
role in miRNA (micro RNA)-mediated gene silencing and pre-
mRNA (messenger RNA) splicing activity. 

 ABHD3 No known function of the protein encoded by this gene 

 MIB1 The protein encoded by this gene is a NOTCH pathway regulator, 
mutation in this pathway can lead to cardiac issues. 

6:108-109 B4GALT6 The enzyme encoded by this gene is a lactosylceramide synthase 
important for glycolipid biosynthesis. 

 GAREM1 This gene encodes an adaptor protein which functions in the 
epidermal growth factor (EGF) receptor-mediated signaling 
pathway. 

12:3-4MB TIMP2 This gene encodes a protein which is an inhibitor of matrix 
metalloproteinases, degrades the extracellular matrix and had 
been associated  with cardiac hypertrophy and fibrosis 

 USP36 The protein encoded by this gene may de-ubitquinate and 
stabilize the trasncription factor c-MYC which is associated with 
some cancers and cardiac hypertrophy 

 CYTH1 The protein encoded by this gene is highly expressed in natural 
killer and peripheral t cells and regulates adhesiveness of the 
plasma membrane of lymphocytes. 
 

 

Examination of the genes within the ROI for GWAS analyses 1 and 2 found no established relationships in the 

literature for any species among the genes: OTX2, SLC1A4, C2orf74, CU207250.1, PUS10, RNU61, GREB1L, 

ESCO1, ABHD3, SNRPD1 and the search terms of cardiac remodelling, compensated heart failure or 

decompensated heart failure.   

 

 

Discussion 
Heart Examinations 

 

Heart failure can be initiated by a number of different causes including cardiomyopathies, coronary artery disease, 

congenital malformations and hypertension(1).   In almost all cases the heart’s first response is compensating 

hypertrophy (1).  In compensating hypertrophy the cardiac cells enlarge as a mechanism to increase the 

strength/force of each pump and to try to decrease the tension or stretch on the heart walls (1).  This enlargement 



(hypertrophy) of the heart cells is what lead to the heavier total and sectioned heart weights, a greater heart weight to 

body weight ratio of ITL hearts.   

 

Compensating hypertrophy is meant to be a short term response to an increased workload on the heart.  Over a 

longer term this compensation phase turns to a pathological phase (decompensated heart failure) where the 

remodeling that has occurred in the heart becomes irreversible (2).  Pigs that died in-transit had a greater frequency 

of the visible heart lesions which have been described in humans with decompensated heart failure (2).  Individuals 

(animal or human), with these heart lesions are susceptible to arrhythmias, heart failure and sudden death. 

Microscopic lesions of myocardial disarray, hypertrophy, interstitial fibrosis and atrophy and fatty replacement are 

associated with compensatory and decompensatory remodeling of the heart tissue (3).  We found more severe 

lesions in the hearts of hogs that died in-transit and in hearts that were visibly affected.   

All ITL hogs had hearts with visible lesions.  However, as many of the hearts examined from hogs that did not die in 

transit had visible and microscopic lesions, hearts were also categorized as “visibly affected” or “visibly normal” 

and compared.  The differences in total, sectioned and height weight to body weight ratios between these groups 

were decreased (though still significant) compared to ITL and non-ITL hearts due to the decreased severity of 

lesions in hogs with affected hearts that did not die during transport. These less severely affected hearts may be in a 

compensatory phase, but have not progressed to the decompensating phase where the hogs would be more 

susceptible to cardiac failure..  As the compensatory phase begins, remodeling changes occur at the cellular level 

resulting in microscopic lesions becoming apparent prior to visible heart changes (3).  Hog hearts that appeared 

grossly normal but with mild microscopic lesions may be hearts in the early stages of compensatory remodeling.  

Genetic Analyses 

 

The result of K=15 from the Admixture population analyses means that there are at least 15 different genetically 

similar populations composing this dataset. These results are concordant with the high number of farms, all with 

different genetic lines which contributed to both cases and controls in both Analyses 1 and 2. 

A genome wide association study (GWAS) analyzes variations in DNA sequences from across genomes in an effort 

to identify genetic risk factors for diseases that are common in a population (4). In this study, non-overlapping 1Mb 

(1000000 base pair lengths) sections of each chromosome were scanned for differences between the two groups 

being compared (e.g. ITL vs non-ITL or visibly affected vs visibly normal hearts).  Each scanned section identified 

by the GWAS as an ROI, can contain many genes.  When there are multiple genes within a ROI, it may be only one 

or several linked genes that resulted in the region being identified as varied between phenotypes being studied.   

Therefore within a ROI it is possible that some genes will have no association with the disease or trait of interest, 

they were just located near a gene of interest 

Genes within ROI in Analysis 1- Comparison of ITL and non-ITL genotypes 

The Pellino 2 (PELI2) gene encodes a protein which activates the MAPK/ERK (mitogen activated protein kinases/ 

extracellular-signal regulated kinases) pathway (6).  A defect in the MAPK/ERK pathway can lead to uncontrolled 

cellular growth, including cardiac hypertrophy (1).  The hypertrophy results from altered gene expression increasing 

the rates of protein formation and decreasing the rates of protein degradation in the cytoplasm of cardiac cells. A 

variation in this gene between ITL pigs compared to non-ITL pigs is biologically plausible. as the ITL pigs had 

heavier hearts and more visibly severe hypertrophy. 

Protein interactions form a network whose structure drives cellular function and whose organization can reflect 

biological processes and molecular function. The protein encoded by the TMEM260 (also known as C14orf101) 

gene has recently been demonstrated as a protein that interacts with the myosin protein network (7), though it’s 

specific function within that network is unknown.  Mutations in several genes (MYH1 and MYLK2) within the 

myosin network have been associated with Hypertrophic Cardiomyopathy (HCM) in humans (8), a genetic heart 

disease which results in thickened ventricle walls and can lead to heart failure or sudden death.  A variation in 

TMEM260 between ITL pigs compared to non-ITL pigs is plausible as the ITL pigs experienced sudden death and 

microscopic and visible heart lesions similar to those of human HCM. 

No literature was found which studied the EXOC5/Sec10 gene in cardiac tissue. However this gene has been 

demonstrated to be involved in the MAPK/ERK pathway in kidney tissue (9).  In cardiac tissue, the MAPK/ERK 

pathway has been associated with compensatory and pathological cardiac hypertrophy (1).  In addition, mice without 

the ability to produce the EXOC5/Sec10 protein in kidney tissue, had kidney cells that were more susceptible to 

injury when compared to mice that were able to produce EXOC5/Sec10 (9).  Further research is necessary to know if 

the involvement with the MAPK/ERK pathway and increased susceptibility to injury findings holds true within 

cardiac tissue.   

 

Spred2 genes have been directly associated with cardiac hypertrophy in mice.  The Sped2 gene is an inhibitor of the 

MAPK/ERK pathway and mice deficient in the Spred2 protein have increased heart weight to body weight ratios and 

elevated ventricle wall thicknesses similar to the pathological findings in the hearts of ITL pigs (10).   

In a study comparing the genotypes of rats with and without cardiac hypertrophy, the protein encoded by the ARP2 

gene was found to be differentially expressed in rats with cardiac hypertrophy than in normal controls (11).  The 



ARP2 gene is involved in the MAPK/ERK pathway which has been demonstrated to lead to cardiac hypertrophy (1). 

A variation in ARP2 between ITL pigs compared to non-ITL pigs is plausible as the ITL pigs had greater cardiac 

hypertrophy both visibly and microscopically. 

During the hypertrophic process, cardiac myocytes must increase the subcellular transport of component proteins. 

This is controlled by the Rab family of small G proteins.  The Rab1 gene has two isoforms (Rab1A and Rab1B), 

which are similar in structure and function (12).  The Rab1 gene has been found to be expressed in cardiac tissue in 

humans and mice and several Rab family members (including Rab1) have been demonstrated to be upregulated in a 

mouse model of cardiac hypertrophy progressing to heart failure (12). The pathological findings of ITL hogs 

(cardiac hypertrophy progressing to heart failure) are similar to those found in a mouse with upregulated Rab1. 

The extracellular matrix (ECM) of cardiac tissue contributes to the contractile force and the structural alignment of 

cardiomyocytes.  TIMP genes are critical in the turnover and regulation of the ECM (13).  Fibrosis is the outcome of 

excess ECM accumulation and is a pathological characteristic in a number of cardiomyopathies.  Myocardial 

hypertrophy and fibrosis can result in diastolic and/or systolic dysfunction, ultimately culminating in heart failure 

(3).  Research with TIMP2 deficient mice has demonstrated an enhanced cardiac hypertrophy and left ventricular 

(LV) diastolic dysfunction with impaired LV relaxation compared to normal mice when cardiac remodelling is 

stimulated (13).  A variation in this gene between ITL pigs compared to non-ITL pigs makes biological sense as the 

ITL pigs had heavier hearts with more severe hypertrophy and greater interstitial fibrosis. 

The USP36 gene’s function is to inhibit the degradation of the c-Myc protein, a proto-oncogene which has been 

associated with cell proliferation (14).  In cardiac tissue, c-Myc expression promotes compensated cardiac function 

(compensatory hypertrophy) and increased heart weight to body weight ratios (15).  In transgenic mice deficient of 

USP36, levels of c-Myc are reduced and cell proliferation is reduced (15).  ITL hogs had increased hypertrophy and 

increased heart weight to body weight ratios as compared to non-ITL hogs and it is plausible that the ROI was noted 

due to differences in this gene. 

The CYTH1 gene encodes a guanine nucleotide exchange factor (GEF) whose function is to activate ARF, a small g-

protein family member (16).  Small G -proteins regulate the growth and morphology of dividing cells and several 

small G-protein family members (i.e. RAS and Rho) have already been directly associated with myocardial 

hypertrophy (16).  ARF6 (one subunit of the ARF G-protein) is expressed in mouse cardiac tissue, and research has 

demonstrated that ARF6 is involved in regulating the MAPK /Erk pathway, a key pathway in both vascular smooth 

muscle cell proliferation and cardiac hypertrophy (17).  A variation in this gene between ITL pigs compared to non-

ITL pigs is plausible as the ITL pigs had heavier hearts, more severe hypertrophy and greater hyperplasia of the 

coronary artery. 

 

Genes within ROI in Analysis 2- Comparison of visibly affected and normal appearance genotypes 

The XPO1/CRM1 protein, also referred to as exportin, mediates the transit of proteins out of the nucleus (18).  

Research in cultured cardiomyocytes has shown that inhibiting the function of the XPO1/CRM1 gene suppresses 

cardiac hypertrophy through the regulation of multiple transcription factors (18).  It is possible that overexpression 

of the XPO1/CRM1 gene in visible affected hearts may have lead to the greater cardiac hypertrophy as compared to 

the visibly normal hearts. 

The AHSA2 gene is regulated by stress and its function is to activate the HSP90 (Heat Shock Protein 90) gene (19).  

The HSP90 protein has been associated with the regulation of cardiac hypertrophy and fibrosis through the 

Transforming Growth Factor (TGF) pathway in rats and human cardiac cells (19).  HSP90’s specific role in the 

regulation of hypertrophy has not yet been elucidated (19) however research has shown that the inhibition of HSP90 

expression in rat cardiac cells, significantly inhibited hypertrophy.  It is biologically plausible that overexpression of 

the AHSA2 gene could enhance activation of HSP90 and myocardial hypertrophy.  Having AHSA2 within a ROI 

when comparing the genotype of hogs with visibly affected hearts (hypertrophy present) and those with grossly 

normal hearts is worthy of further research into the relationship of this gene with pig heart lesions.   

The proteins encoded by the GATA6 gene are highly expressed in the embryonic heart and continue the high 

expression in the post-natal and adult myocardium (20).  GATA6 genes function as regulators of various key cardiac 

structural and regulatory genes.  In mice, the overexpression of GATA6 was sufficient to induce cardiac hypertrophy 

and the deletion of GATA6 from cardiac myocytes reduced the cardiac hypertrophic response to pressure overload 

stimulation and rapidly led to heart failure (20).  In a study of humans with Dilated Cardiomyopathy (DCM), 

mutated GATA6 proteins were associated with increased susceptibility to familial DCM when compared to patients 

with normal GATA6 proteins (20).  Visibly affected hearts in the pigs did have moderate to severe dilation of the 

right and left ventricles of the heart. 

The protein encoded by the MIB1 gene activates the Notch signaling pathway which is involved in nuclear signaling 

(21).  Altered Notch signaling has been associated with human cardiovascular disease (21). A recent study has 

shown that mutations which inactivate human MIB1 result in a cardiomyopathy called Left Ventricular Non-

Compaction (LVNC). This heart problem manifests as decreased heart function, but the severity and the age of the 

affected individuals affected are highly variable. LVNC is associated with arrhythmias, heart failure and sudden 

death (21).  The variable pathological findings and mix of ITL and non-ITL hogs within the visibly affected heart 

group, is similar to the variability in affect of LVNC on humans. 

 



The protein encoded by B4GALT6 is a lactosylceramide synthase which functions to produce glycolipids (22).  A 

recent study of various glycolipids revealed that lactosylceramide could exert a concentration and time-dependent 

increase in hypertrophy in freshly cultured neonatal rat ventricular myocytes (22).  The researcher hypothesized the 

hypertrophy occurred due to activation of the MAPK/ERK pathway.  Similarly it has been shown that when the 

synthesis of glycolipids within mice myocardiocytes is inhibited, pathological cardiac hypertrophy did not occur 

(22). 

 

Studies of the protein encoded by GAREM1 shows that it acts as an adapter protein and promotes activation of the 

MAPK/ERK signaling pathway(23 ). This pathway plays a role in the regulation of cell proliferation and in cardiac 

tissue, the MAPK/ERK pathway has been associated with compensatory and pathological cardiac hypertrophy in 

mice, rats and humans(1).   

In this study, numerous genes within the ROIs identified in Analysis 1 and 2 have been associated with cardiac 

remodelling and heart failure in mice, rats and humans.  The progression toward end-stage heart failure involves a 

wide array of cellular changes including cardiomyocyte hypertrophy, mitochondrial dysfunction, reactivation of the 

fetal gene program and alterations in calcium handling and sarcomeric proteins that result in part from the 

dysregulation of intracellular kinase signaling cascades and other protein pathways (5).  Many of the genes located 

within regions of interest of the two GWAS analyses completed in this study have been directly associated with 

cardiac hypertrophy or have been associated with the dysregulation of several signalling pathways.  More 

specifically heart lesions such as ventricular wall hypertrophy and ventricular chamber dilation and symptoms such 

as sudden death, as found in the “visibly affected” and ITL hogs have been associated with genes in the ROI of both 

GWAS analyses.  This provides support that the ROI identified in this GWAS analyses are biologically plausible. . 

This study found genetic differences between hogs identified as dying during transport and those with visibly 

affected cardiac defects as compared to normal controls by GWAS analyses.   While no literature could be found 

which examined pig hearts, the pathways involved in cardiac development and remodelling are similar between 

mice, rats, pigs and humans due to their relatively high degree of overall conservation of the human cardiac 

proteome (5). 

 

   

The many initiating or underlying causes of heart failure and the heterogeneous cellular responses which are 

affected by environmental factors make the identification of molecular risk factors and interventions for heart failure 

a difficult task (5).  In keeping with this fact, the large number of farms (with variable management and breeding 

lines) contributing to the case and control populations, increased the difficulty in determining genetic differences 

between the case and control groups.  However, further investigation into the use of the pathological findings 

(visible and microscopic) to determine the ideal classification of case and control hearts to avoid any genetic 

overlapping of these two groups.  It is also possible that pathological lesions, even at the microscopic level are not 

the ideal way to categorize pig hearts with greater risk of sudden death from heart failure as mild to moderate 

pathological lesions may not accurately represent heart function. 

 

The goal of GWAS is to use genetic risk factors to make predictions about who is at risk and to identify the 

biological underpinnings of disease susceptibility to develop new prevention and treatment strategies (4).  In the 

case of ITL hogs or hogs with affected hearts, the ultimate goal would be to predict which hogs are at risk of sudden 

death and develop a prevention strategy encompassing selective breeding and further pursuit of low stress methods 

of handling and transportation of swine.  GWAS analyses on another group of pig hearts categorized in the same 

way should be completed to confirm the repeatability and thus the reliability of these results.   Confirmation of these 

results and a greater statistical difference in the ROI are needed prior to an inexpensive genetic screening test being 

created that could be used to eliminate the gene(s) associated with cardiac defects from Ontario breeding stock. 

 

Conclusions 
Genetic differences between ITL and non-ITL hogs and visibly affected and normal appearing hearts were found on 

GWAS analyses.  Many of the genes found within the regions of interest have been associated with the cardiac 

remodeling of compensated and de-compensated heart failure in mice, rats and humans and these associations may 

be true in pigs as well.   
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Industry or Laboratory Application: 
Genotype differences between ITL and non-ITL hogs and visibly affected and normal appearing hearts were found on analyses 

of heart tissue.  Many of the genes found within the regions of interest have been associated with the cardiac remodeling of 

compensated and de-compensated heart failure in mice, rats and humans and these associations are likely also true in pigs.  

Further research to ensure the repeatiblity of these results could eventually lead to genetic test to identify pigs that are at a 

greater risk of heart failure and sudden death and the option to selectively breed away from hogs with higher risk.    

 

 

 

 


