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Abstract Genetically modified mice are powerful tools to
investigate the molecular basis of many human diseases. Mice
are, however, of limited value for preclinical studies, because
they differ significantly from humans in size, general physi-
ology, anatomy and lifespan. Considerable efforts are, thus,
being made to develop alternative animal models for a range
of human diseases. These promise powerful new resources
that will aid the development of new diagnostics, medicines
and medical procedures. Here, we provide a comprehensive
review of genetically modified porcine models described in
the scientific literature: various cancers, cystic fibrosis,
Duchenne muscular dystrophy, autosomal polycystic kidney
disease, Huntington’s disease, spinal muscular atrophy,
haemophilia A, X-linked severe combined immunodefi-
ciency, retinitis pigmentosa, Stargardt disease, Alzheimer’s
disease, various forms of diabetes mellitus and cardiovas-
cular diseases.
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Introduction

Human lifespan is steadily extending and expectations of
health and well-being are increasing worldwide. Age- and
lifestyle-related diseases such as cancers, diabetes and cardio-
vascular diseases are already the leading causes of sickness
and death, and are predicted to become yet more prevalent.
These trends present significant challenges to healthcare bud-
gets and increase pressure to produce new medical strategies.

Preclinical studies are particularly important in the process of
developing new diagnostics, drugs and other treatments. The
quality and relevance of data obtained at an early stage is
critical in predicting clinical effectiveness and safety. Failure
of new medicines in late-stage trials is a major waste of
resources for pharmaceutical companies and loss of benefit
to patients.

The humane treatment of animals is an important priority in
biological research. However, as no in vitro models of human
whole-body physiology or immune system are available or in
immediate prospect, some preclinical animal studies are un-
avoidable. Ethics requires that those animal trials that must be
performed should provide high-quality information directly
relevant to human disease. This is best achieved using well-
characterised, physiologically relevant animal models.

Mice have come to dominate basic research in mammals
because they are convenient, cheap to house and amenable to
precise genetic modification. They have provided powerful
insights into the molecular basis of many human diseases and
enabled proof-of-principle studies for potential biomedical
applications. However, mice differ considerably from humans
in size, general physiology, anatomy and lifespan, and this
restricts their usefulness closer to the clinic. For example, it is
not possible to develop surgical procedures or test new med-
ical equipment on the human scale (e.g. endoscopic imaging).
There is also growing evidence that many results gained from
mice poorly predict findings in humans, for example, in
inflammatory conditions (Seok et al. 2013) and several other
diseases, as outlined in this review.

Pigs are already a valuable resource for biomedical re-
search. They share many similarities with humans in body
size, anatomy, diet and their physiological and pathophysio-
logical responses. They are relatively long lived, which allows
longitudinal studies to be carried out in individual animals
under conditions that mimic the human patient. Pigs have long
been kept as domesticated animals and there are few
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additional requirements for their use to model human disease.
They adapt well to indoor housing, and designated pathogen-
free systems are available where necessary.

The key techniques for generating genetically modified
large animals, nuclear transfer (Schnieke et al. 1997) and gene
targeting (McCreath et al. 2000), were established more than a
decade ago, but it has taken several years for them to be
refined sufficiently to produce genetically modified pigs to
order. The pace of advance is now increasing with the devel-
opment of highly specific synthetic endonucleases, TALENs
(transcription activator-like effector nucleases), ZFNs (zinc
finger nucleases) and RNA-guided endonucleases (Carlson
et al. 2012; Hauschild et al. 2011; Flisikowska et al. 2011;
Mussolino and Cathomen 2013) and improved porcine geno-
mic sequence data (Groenen et al. 2012). Generating geneti-
cally modified pigs takes more time and effort than mice, but
the potential benefits for preclinical research and human wel-
fare are substantial. Here, we review the current progress in
modelling human diseases. Table 1 summarises the models
discussed below.

Cancer

Cancer is the fourth most common cause of human morbidity
and mortality worldwide. In 2008, 12.7 million new cases of
cancer were diagnosed and the annual incidence is predicted
to double by 2030 as more people enter later life (http://www.
cancerresearchuk.org). Reliable diagnosis at an early stage is
key to improving prospects for those affected.

Genetically modified mice have been valuable tools in
basic cancer biology, for example, in understanding the mo-
lecular mechanisms involved in tumour initiation and progres-
sion (reviewed by Frese and Tuveson 2007). However, they
are less useful in many preclinical studies. For example,
radiation and thermal therapy cannot easily be scaled down
to treat mouse-sized tumours (Adam et al. 2008). The evolu-
tionary distance between rodents and humans also leads to
problems. Differences in drug metabolism can result in dra-
matically different responses in human and mice (reviewed by
Martignoni et al. 2006).

Prior to our own work, there were three reported attempts
to generate pig cancer models by genetic modification. Pigs
transgenic for the v-Ha-ras oncogene (Yamakawa et al. 1999)
showed no phenotype. Pigs that express the Gli2 transcrip-
tional activator in keratinocytes showed basal cell carcinoma-
like lesions, but were not fully analysed because they were lost
to bacterial infection (McCalla-Martin et al. 2010). The first
gene-targeted pigs for cancer were generated by adeno-
associated virus-mediated inactivation of BRCA1 (breast can-
cer associated gene 1) (Luo et al. 2011). Unfortunately, these
did not survive for longer than 18 days, but the same group has
recently reported a 2-year-old sow with morphological

changes in the mammary gland (IX Transgenic Animal
Research Conference, Lake Tahoe, Tahoe City, California,
August 2013).

We are engaged in a programme to generate a series of
human cancer and cancer predisposition models in pigs. This
was inspired by the fact that similar genetic alterations in a
relatively small set of genes are responsible for initiating
several human tumour types (Futreal et al. 2004). It should,
thus, be possible to replicate different cancers in pigs by
combining and activating defined oncogenic mutations in
chosen tissues.

We described the first viable, gene-targeted ‘oncopigs’.
These carry truncating mutations in the adenomatous
polyposis coli (APC ) gene at sites orthologous to germ
line mutations responsible for an inherited form of colorec-
tal cancer, familial adenomatous polyposis (FAP)
(Flisikowska et al. 2012). Disease onset in FAP is sooner
than the more common sporadic form of colorectal cancer,
but the origin and progression of disease are thought to be
the same. FAP is characterised by the formation of foci of
dysplastic growth of the intestinal epithelium in the colon
and rectum that develop to adenomatous polyps, which, if
not removed, ultimately progress to adenocarcinoma and
metastasis (Fodde and Smits 2001). FAP patients typically
develop hundreds of adenomatous polyps in the colon and
rectum between puberty and 20 years of age. Polyposis
almost inevitably progresses to cancer by the age of 35 to
40 years (Croner et al. 2005).

The examination of a 1-year-old founder animal carrying
the mutation APC1311, orthologous to a severe human FAP
mutation APC1309, revealed more than 60 polyps in the colon
and rectum that closely resembled human adenomas by a
variety of criteria (Flisikowska et al. 2012). The pig phenotype
accords with the location and early onset of human FAP, and
contrasts with Apc mutations in mice. Apc mutant mice, such
as the widely studied Min strain, develop polyps predomi-
nantly in the small intestine rather than the colon, and do not
show the same disease progression as in humans. Mouse
tumours do not invade the intestinal submucosa, rarely devel-
op to adenocarcinoma and do not metastasise (Boivin et al.
2003). We are currently analysing F1 and F2 generation
APC1311 animals to monitor the pattern and time course of
polyposis and progression to cancer. Evidence so far indicates
that porcine FAP mirrors the development of the human
disease.

We have also generated gene targeted pigs carrying a
conditionally activated mutant form of the key tumour sup-
pressor p53, TP53R167H, orthologous to human TP53R175H

and mouse Trp53R172H, to model Li–Fraumeni syndrome and
a wide variety of other cancers (Leuchs et al. 2012). TP53 is
mutated or silenced in the majority of human cancers, so these
pigs are vital components in our programme. Evidence so far
indicates that the porcine TP53R167H mutation confers similar
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changes as in humans and mice. Mutant p53-R167H protein
accumulates in affected cells, indicating the failure of normal
p53 degradation (Midgley and Lane 1997), and also confers
resistance to the chemotherapeutic drug doxorubicin (Leuchs
et al. 2012). Piglets carrying the latent TP53R175H allele are
viable and healthy. These are only the first steps; our group
and others are generating more cancer-related mutations (e.g.
Tan et al. 2013). A powerful toolkit to model diverse cancers
is being created.

Monogenic diseases

Cystic fibrosis

Cystic fibrosis (CF) is an incurable chronic disease that pri-
marily affects the lungs, but also other organs, including the
pancreas, liver and intestine. CF is the most common autoso-
mal recessive human genetic disorder, and is caused by mu-
tations in the CFTR (cystic fibrosis transmembrane

Table 1 Genetically modified pig models for human diseases

Human disease Gene and type of modification Ref.

Cancer

Different types of cancer Activated v-H-ras. Viral transgene Yamakawa et al. (1999)

Gli2 transcriptional activator, GLI2. Human transgene McCalla-Martin et al. (2010)

Tumour protein p53, TP53. Knockout and gene targeted conditionally
activated mutation TP53R167H

Leuchs et al. (2012)

Breast cancer Breast cancer 1 early onset, BRCA1. Knockout Luo et al. (2011)

Familial adenomatous polyposis Adenomatous polyposis coli, APC. Gene targeted truncating mutations
APC1061 and APC1311

Flisikowska et al.
(2012)

Colon cancer Adenomatous polyposis coli, APC. Knockout Tan et al. (2013)

Monogenic diseases

Cystic fibrosis Cystic fibrosis transmembrane conductance regulator, CFTR. Knockout
and gene targeted CFTRΔF508 mutation

Rogers et al. (2008a, b)

Duchenne muscular dystrophy Dystrophin, DMD. Gene targeted exon 52 deletion Klymiuk et al. (2013)

Autosomal dominant polycystic
kidney disease

Polycystic kidney disease type 2 gene, PKD2. Porcine transgene He et al. (2013)

Proto-oncogene CMYC . Porcine transgene Ye et al. (2013)

Huntington’s disease Huntingtin, HTT. Human mutant transgene Uchida et al. (2001)

Huntingtin, HTT. Human 208 aa N-terminal region transgene Yang et al. (2010)

Huntingtin, HTT. Human 548 aa N-terminal region transgene Baxa et al. (2013)

Spinal muscle atrophy Survival of motor neuron 1 telomeric, SMN1. Knockout Lorson et al. (2011)

Haemophilia A Coagulation factor VIII, F8. Knockout Kashiwakura et al. (2012)

X-linked severe combined
immunodeficiency

Interleukin 2 receptor, γ, IL2RG. Knockout Suzuki et al. (2012)

Retinitis pigmentosa Rhodopsin, RHO. Porcine mutant RHOP347L transgene Petters et al. (1997)

Rhodopsin, RHO. Human mutant RHOP23H transgene Ross et al. (2012)

Stargardt disease-3 Elongation of very long chain fatty acids-4, ELOVL4. Human mutant
ELOVL45bbDel transgene

Sommer et al. (2011)

Elongation of very long chain fatty acids-4, ELOVL4. Human mutant
ELOV4Y270 transgene

Sommer et al. (2011)

Multifactorial diseases

Alzheimer’s disease Amyloid precursor protein, APP. Human mutant APPsw transgene Kragh et al. (2009)

Diabetes type 2 Glucose-dependent insulinotropic polypeptide, GIPR. Human mutant
GIPRdn transgene

Renner et al. (2010)

Permanent neonatal diabetes mellitus Insulin, INS. Porcine mutant INSC94Y transgene Renner et al. (2013)

Diabetes type 3 (MODY) Hepatocyte nuclear factor 1 alpha, HNF-1α. Human mutant HNF-1αP291fsinsC Umeyama et al. (2009)

Cardiovascular disease Low-density lipoprotein receptor, LDLR. Knockout Carlson et al. (2012)

Proprotein convertase subtilisin/kexin type 9, PCSK9. Human mutant
PCSK9D37Y transgene

Al-Mashhadi et al. (2013)

Endothelial nitric oxide synthase, NOS3. Porcine transgene Hao et al. (2006)

Catalase, CAT. Human transgene Whyte et al. (2011)

Peroxisome proliferator-activated receptor-γ, PPAR-G. Knockout Yang et al. (2011)

Apolipoprotein C3, APOC3. Human transgene Wei et al. (2012)
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conductance regulator) gene (Riordan et al. 1989). Several
mutant mouse strains have been generated, includingCftr null
alleles and mutations that replicate known human lesions
(reviewed by Bragonzi 2010), but these fail to recapitulate
the natural progression of the disease and the critical lung and
pancreatic pathologies that afflict human patients (Guilbault
et al. 2007).

Pig and human lungs share many anatomical, histological,
biochemical and physiological features (Rogers et al. 2008a).
Gene targeting using adeno-associated virus and nuclear trans-
fer has been used to produce pigs with the most common CF-
associated mutation, CFTR ΔF508, and also CFTR knockout
(Rogers et al. 2008b). CFTR-deficient newborn piglets devel-
op defects similar to newborn human CF patients; meconium
ileus, exocrine pancreatic destruction and hepatic changes
consistent with early focal biliary cirrhosis. Within a few
months of birth, these pigs spontaneously develop lung dis-
ease, including inflammation, remodelling, mucus accumula-
tion and infection, a set of clinical indications found in human
patients, but absent in mice (Stoltz et al. 2013). Subsequent
studies have also revealed that CFTR gene disruption directly
affects nervous system function. Newborn CF pigs showed
features of axonal and demyelinating neuropathy consistent
with findings in human CF (Reznikov et al. 2013). The CF
model is, perhaps, the most advanced of the porcine disease
models and is already contributing to improved analysis,
treatment and therapy.

Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) is a lethal X-linked mus-
cular disorder that affects males (1 in 3,500 male births), causing
progressive muscle weakness, wasting, disability and eventual
death due to respiratory or heart failure (Spurney 2011). The first
symptoms are apparent before the age of 5 years. The disease is
caused by frameshift mutations in theDMD gene, leading to loss
of function of the essential muscle protein dystrophin (Hoffman
et al. 1987). Most mutations occur in two hot spot regions of
DMD , exons 3–7 and exons 45–55 (Koenig et al. 1989).

Several mouse models have been created to replicate
DMD, but these show a much milder phenotype than human
DMD. Other naturally occurring mutations have been de-
scribed in dogs and cats. The canine model resembles human
DMD but is caused by a mutation that does not occur in
human patients. The feline model does not resemble human
DMD pathologically (Nakamura and Takeda 2011).

Pigs have recently been described with a targeted deletion
of DMD exon 52, a frequent mutation in human patients (Lu
et al. 2011). These animals show pathological and functional
hallmarks of human DMD, such as the absence of dystrophin
in skeletal muscles, increased serum creatine kinase levels,
progressive dystrophic changes of skeletal muscles, impaired
mobility, muscle weakness and a lifespan of 3 months.

However, unlike humans, some of these pigs died shortly after
birth. Interestingly, these piglets have already provided new
insight into early changes associated with physiological de-
rangements of dystrophic muscle, by highlighting the possible
importance of CCL2 (CC chemokine ligand 2) down regula-
tion. CCL2 is a ligand of the CC chemokine receptor 2, which
is associated with inflammation and muscle regeneration (Lu
et al. 2011). Older DMD pigs could serve as a model for
developing and testing new therapeutic strategies for DMD,
such as exon skipping, gene and stem cell therapy.

Autosomal polycystic kidney disease

Autosomal dominant polycystic kidney disease (ADPKD) is
one of the most common inherited diseases (1 in 400 to 1 in 1,
000 people worldwide). ADPKD is characterised by the pro-
gressive formation and enlargement of cysts predominantly in
the kidney, but also in other organs (e.g. liver, pancreas,
spleen) (Gabow 1993). Approximately 50 % of affected pa-
tients develop renal failure and require kidney replacement by
the age of 60 years (Grantham 2008). Mutations in PKD1 and
PDK2 (polycystic kidney disease) are responsible, with
PDK1 accounting for~85 % of all cases (Pignatelli et al.
1992; Kimberling et al. 1993; Mochizuki et al. 1996).

Several different micemodels have been generated to study
the aetiology of ADPKD and a number of hypotheses have
emerged. These are: the two-hit hypothesis (an inherited
germ-line mutation followed by a somatic mutation) (Lu
et al. 1997), the third-hit hypothesis (ischaemia/reperfusion,
nephrotoxic injury and compensatory hypertrophy) (Takakura
et al. 2009) and the threshold effect hypothesis (hypomorphic
or overexpressed alleles) (Pritchard et al. 2000). ADPKD is,
however, a chronic disease, and the short lifespan of mice
precludes long-term studies.

The pig urological system shares many anatomical, histolog-
ical and physiological features with that of humans (Zaidi et al.
1998; Dekel et al. 2003). Recently, the generation of two
minipig lines based on the threshold effect hypothesis have been
reported (He et al. 2013; Ye et al. 2013). The first line
overexpressed PDK2 under the CMV (cytomegalovirus) pro-
moter. The second line overexpressed the proto-oncogene
CMYC specifically in the kidney (CMYC is up regulated in
cystic kidneys) (Cowley et al. 1987; Lanoix et al. 1996). To date,
neither transgenic line has been reported to show significant
alteration in kidney function, and the authors predict that two to
three years may be required for renal dysfunction to manifest.

Huntington’s disease

Huntington’s disease (HD) is a neurodegenerative genetic
disorder involving the progressive breakdown of brain neu-
rons, leading to impairment of motor, emotional and cognitive
functions. The underlying genetic defect is the expansion of a
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trinucleotide (CAG) repeat stretch in the first exon of theHTT
(huntingtin) gene (Gusella et al. 1983). These are expressed as
a series of glutamine residues, or polyglutamine tract. The
severity of the disease varies with the number of CAG repeats,
ranging from 36 (mild) to over 40 units (severe).

A variety of species have been used to model HD, includ-
ing invertebrates (D. melanogaster, C. elegans ), mice, sheep,
monkeys and, most recently, pigs (reviewed by Zuccato et al.
2010). However, it has proved to be a difficult task. Trans-
genic mice fail to mimic the most important characteristic of
HD, the neuronal apoptosis that underlies neurodegeneration.
This is believed to be a consequence of differences in human
and rodent brain anatomy and HTT gene function (Li and Li
2012). Transgenic sheep (Jacobsen et al. 2010) and rhesus
monkeys (Yang et al. 2008) have been generated as alterna-
tives, but neither showed symptoms resembling HD.

Three lines of transgenic pigs have been produced to study
HD. The first was generated by the microinjection of a mutant
HTT transgene (1,100 amino acids), but no phenotype was
observed (Uchida et al. 2001). The second HD pig line
expressed the first (N-terminal) 208 amino acids of human
HTT with an expanded (105 residues) polyglutamine tract
under the control of the ubiquitous cytomegalovirus
enhancer/chicken beta-actin promoter (Yang et al. 2010).
Some of these pigs showed chorea-like movement, a common
symptom of HD. Furthermore, unlike mice that expressed the
same transgene, the pigs showed apoptosis of brain neurons
typical of human HD. Long-term studies were, however, not
possible because of significant postnatal death. More recently,
Baxa et al. (2013) reported pigs carrying a transgene encoding
the first 548 amino acids of HTT with a 124-residue
polyglutamine tract directed by the human HTT promoter.
These showed normal development after birth. Further analy-
sis at 16 months did not reveal the formation of aggregates in
the brain, and no obvious signs of abnormal movement up to
40 months. They did, however, show reduced levels of an
indicator of HD, the signalling protein DARPP32, in the
neostriatum, which is the brain region most affected in HD.
Whether these pigs provide a representative model for HD
remains to be seen.

Spinal muscular atrophy

Spinal muscular atrophy (SMA) is the leading genetic cause of
infant death. SMA is characterised by the degeneration of
spinal cord motor neurons, leading to muscle wasting and
impairedmobility. It is an autosomal recessive disorder caused
by defects in the SMN1 gene (survival of motor neuron 1,
telomeric). Unusual amongst mammals, humans also have
several copies of a nearly identical gene, SMN2 . Despite its
sequence identity, SMN2 does not protect against defects in
SMN1 because it is expressed as an RNA splice variant and an
unstable truncated protein (Lorson et al. 1999). SMN2 does,

however, act as a disease modifier, with the SMN2 gene copy
number being roughly inversely related to SMA severity.

Several mouse models have been developed to replicate
SMA, but these exhibit a rapid, progressive development of
the disease that is too severe to allow the testing of potential
therapeutic agents (Bebee et al. 2012).

To generate a pig model for SMA that properly models the
human disease, it is necessary not only to inactivate the
porcine SMN1 gene, but also to introduce the human SMN2
gene. This is because the inactivation of SMN1 in non-human
mammals is embryonically lethal (Schrank et al. 1997; Hsieh-
Li et al. 2000; Monani et al. 1999). Lorson et al. (2011) have
generated heterozygous SMN1 knockout pigs by nuclear
transfer as the first step towards modelling SMA. Piglets
showed a normal phenotype after birth. They also demonstrat-
ed that human SMN2 is spliced in the human manner in
porcine cells, suggesting that a porcine model of SMA is
feasible.

Haemophilia A

Haemophilia A is the most common form of haemophilia. The
most obvious symptom is bleeding diathesis, such as bleeding
in the brain and harmful bleeding in joints and muscles.
Haemophilia A is an inherited X-linked disorder that affects
1 in 5,000 male live births (Mannucci and Tuddenham 2001).
It is caused by a variety of different mutations in the F8
(coagulation factor VIII) gene that result in dysfunction or
loss of factor VIII protein.

Transgenic mice carrying a disrupted F8 gene have been
used to investigate methods of gene therapy and evaluate
factor VIII variants used in replacement therapy (Bi et al.
1995). However, these mice rarely exhibit spontaneous bleed-
ing into the muscles and joints under standard breed condi-
tions, limiting their clinical usefulness. The difference in
phenotype arises from differences in the mouse and human
coagulation and immune systems. For many years, the most
representative animal models have been dogs with natural
mutations in F8 .

The porcine blood coagulation system is very similar to
that in humans, and porcine factor VIII has been successfully
used to treat haemophilia A patients (Morrison et al. 1993;
Barrow and Lollar 2006; Toschi 2010). Pigs with targeted
disruption of F8 have recently been described (Kashiwakura
et al. 2012). These animals show a persistent bleeding pheno-
type and died within two days if not treated. The infusion of
human factor VIII reduced bleeding but piglets required the
inhibition of anti-human factor VIII antibodies to fully stop
the bleeding. This pig model promises to be useful in studying
the management of bleeding disorders and the development of
new therapeutics, such as factor VIII variants with slower
clearance rate.
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X-linked severe combined immunodeficiency

Severe combined immunodeficiency (SCID) is a group of
inherited immunodeficiency disorders that affect humans,
and also occur naturally in horses and dogs. SCID patients
often suffer from severe bacterial, viral and fungal infections
before 3 months of age, commonly followed by lung inflam-
mation. SCID individuals also suffer diarrhoea, sepsis and
middle ear infections (Vickers 2009).

SCID has been linked to defects in at least 13 human
autosomal genes, including ADA (adenosine deaminase) and
JAK3 (Janus kinase 3). However, the most common form is
X-linked (X-SCID) and caused by mutations in IL2RG (in-
terleukin 2 receptor, γ) that lead to loss of T and NK (natural
killer) cells and impairment of B cell function (Noguchi et al.
2008; Leonard 1996; Fischer et al. 1997).

Il2rg -deficient SCID mice are very widely used, for exam-
ple, as recipients for allogeneic and xenogeneic tissue trans-
plantation (Leblond et al. 1997), and have made major contri-
butions to the understanding of the immunodeficiency mech-
anism, lymphocyte development and DNA repair. More re-
cently, SCID rats have been generated by ZFN technology
(Mashimo et al. 2010, 2012). SCID pigs carrying targeted
disruption of IL2RG have also been generated (Suzuki et al.
2012). IL2RG-deficient boars were athymic and exhibited
markedly impaired production of T and NK cells, strongly
resembling human SCID. Because their body size resembles
humans, SCID pigs will be a valuable new means of model-
ling human patients in organ, tissue and cell transplantation
experiments.

Retinitis pigmentosa

Retinitis pigmentosa (RP) is an inherited retinal disease
characterised by the early and rapid loss of light-sensitive
photoreceptor neurons, leading to progressive loss of periph-
eral vision and eventual loss of central vision. Mutations in a
variety of photoreceptor or pigment epithelium-specific genes
can result in retinal degeneration, but the majority of RP cases
are due to mutation in the RHO (rhodopsin) gene.

Mice carrying different mutations in Rho have been gen-
erated (Olsson et al. 1992; Li et al. 1996; Humphries et al.
1997), but the structure of the rodent eye and retina differs
from humans, and these models do not mimic the human
disease.

The porcine eye more closely resembles humans in size,
anatomy and the structure of the optic nerve and retina. There
are two reports of RHO transgenic pigs. Transgenic pigs
carrying mutant porcine RHOP347L were generated by pronu-
clear microinjection (Petters et al. 1997) and pigs carrying
mutant human RHOP23H were generated by nuclear transfer
(Ross et al. 2012). Both lines showed early and severe loss of

photoreceptors and progressive dysfunction of photoreceptor
cones.

Stargardt disease-3

Stargardt disease type 3 is a genetic eye disease characterised
by early macular degeneration and decreased visual acuity
(Edwards et al. 1999). It is associated with truncating muta-
tions in ELOVL4 (elongation of very long chain fatty acids 4).
The eyes of pigs, unlike mice, have a macula and are a better
model for human macular degeneration. Transgenic pigs car-
rying two different ELOVL4 truncating mutations have been
generated (Sommer et al. 2011). These displayed photorecep-
tor loss, disorganisation of inner and outer segments, and
electroretinography responses.

Multifactorial diseases

Alzheimer’s disease

Alzheimer’s disease (AD) is a multifactorial, progressive brain
disorder characterised by loss of memory and disorientation.
The cause of the disease is still not fully understood, but
mutations in several candidate genes have been suggested as
being responsible. These are missense mutations in APP
(amyloid precursor protein), PSEN1 and PSEN2 (presenilin
1 and 2), which are associated with increased production of
beta amyloid protein fragments (Scheuner et al. 1996). The
accumulation of abnormally folded amyloid proteins initiates
a pathogenic process that leads to the formation of intra-
neuronal neurofibrillary tangles of the microtubule-binding
protein tau and, eventually, loss of neurons (Hardy and
Selkoe 2002).

Transgenic mice have been generated that express mutant
forms of human APP (e.g. V717F, L670N, M671L), identi-
fied as tightly associated with AD. These showed age-related
development of pathological deposits in the brain that resem-
bled AD senile plaques (Games et al. 1995; Hsiao et al. 1996),
but neurofibrillary tangles were absent, and the massive neu-
ronal loss observed in humans was not evident (Takeuchi et al.
2000). Kragh et al. (2009) have generated minipigs containing
a human APP transgene bearing the so-called Swedish muta-
tion, APPsw, with expression directed by the human platelet-
derived growth factor-beta promoter. Analysis of founder pigs
produced by nuclear transfer showed that they carried single-
copy transgenes with strong, promoter-specific expression of
mutant APP protein in the brain. These animals are 5 years old
at the time of writing, but no disease phenotype has yet been
reported. It is not clear how long it will be necessary to wait,
nor how the aging process in pigs relates to humans.
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Diabetes mellitus

Diabetes is a group of metabolic disorders characterised by
hyperglycaemia. Type 1 diabetes is autoimmune in origin. The
destruction of pancreatic islet beta cells decreases the amount
of insulin produced, leading to loss of blood glucose regula-
tion. Type 2 diabetes arises from a chronic decrease in the
response to normal levels of insulin, leading to progressive
beta cell dysfunction and compensatory hyperinsulinaemia.
Type 2 diabetes has genetic risk components, but is strongly
influenced by lifestyle factors. Type 3 diabetes, also known as
maturity onset diabetes of the young (MODY), is an early-
onset form of type 2 diabetes with an autosomal dominant
pattern of inheritance (Yamagata et al. 1996, 1998).

Several different rodent models are currently used to study
diabetes. These have been generated by introducing structural
or functional modifications in candidate genes, e.g. Insr (in-
sulin receptor), Ppar-a , -b and -g (peroxisome proliferator
activated receptor -α, -β, -γ) (reviewed by Plum et al. 2005),
or random mutagenesis (reviewed by Aigner et al. 2008).
Rodent models are invaluable tools in understanding the mo-
lecular basis of insulin action in glucose metabolism, insulin
receptor signalling and pathways, lipid metabolism and adi-
pocyte biology, but they fail to replicate important aspects of
the human disease state, notably, insulin resistance and obesi-
ty. Moreover, important diabetes-associated conditions often
seen in human patients, such as atherosclerosis and hyperlip-
idaemia, do not occur in rodent models. These can, however,
be induced by the modification of additional genes such as
ApoE (apolipoprotein E) (Zhang et al. 1992), leptin and Ldlr
(low-density lipoprotein receptor) (Hasty et al. 2001), see also
the following section on “Cardiovascular diseases”.

Two key gut hormones, gastric inhibitory polypeptide (also
known as glucose-dependent insulinotropic polypeptide; GIP)
and glucagon-like peptide-1 (GLP-1), are targets for the treat-
ment of type 2 diabetes. They are secreted after oral glucose
administration and increased insulin secretion in response to
hyperglycaemia. In patients with type 2 diabetes, the
insulinotropic response to GIP is significantly reduced, sug-
gesting that altered GIP action might be involved in the early
pathogenesis of the condition (Nauck et al. 2004). This find-
ing led to the generation of a pig model that mimics the
essential features of type 2 diabetes. Transgenic pigs express-
ing a dominant-negative mutant form of the human GIP
receptor (GIPRdn) under the control of the rat insulin (Ins2)
promoter in pancreatic islets have been generated using a
lentiviral vector (Renner et al. 2010). At an early age
(11 weeks), these pigs showed reduced tolerance for oral
glucose loads as a result of delayed insulin release. They also
displayed reduced beta cell mass as they age. Metabolomic
studies of GIPRdn pigs revealed changes in the plasma con-
centration of seven amino acids (Phe, Orn, Val, Leu, His, Arg
and Tyr) compared to control animals. A decreased

concentration of specific lipids such as sphingomyelins, diac-
ylglycerols and ether phospholipids was also observed in the
plasma of 5-month-oldGIPRdn transgenic pigs. These metab-
olites represent candidate biomarkers that may serve as indi-
cators of early-stage type 2 diabetes (Renner et al. 2012).

The same group recently reported the generation of a
porcine model of another type of diabetes, permanent neonatal
diabetes mellitus based on the expression of a mutant (C94Y)
insulin transgene in pancreatic beta cells. At 4.5 months old,
these pigs had reduced body weight, decreased beta cell mass
and reduced fasting insulin levels. They also showed cataract
development as early as 8 days after birth (Renner et al. 2013).

Another transgenic pig line has been produced to model
MODY disease (Umeyama et al. 2009). The MODY pigs
carried a mutant form of the HNF1A (homeobox nuclear
factor 1α) gene, which is known to cause the human disease.
The transgenic pigs that survived for 20–196 days exhibited
increased blood glucose level and pancreas abnormalities.

Cardiovascular diseases

Cardiovascular diseases (CVD) constitute the leading cause of
death worldwide, worse by a substantial margin than the total
of all infectious diseases. CVD usually affects older adults but
precursor conditions begin earlier, notably atherosclerosis.
Atherosclerosis is a chronic inflammatory condition that in-
volves the accumulation of lipids, thickening of arterial walls
and the formation of plaques that chronically expand and
occlude blood flow. Plaques are liable to rupture and form
thrombi precipitating acute, life-threatening episodes such as
cardiac infarction and stroke.

Modelling atherosclerosis offers a useful means of investi-
gating treatments and preventions such as lifestyle changes,
low-density lipoprotein cholesterol-lowering drugs and other
therapies. Pigs, like humans, develop atherosclerosis in re-
sponse to an atherogenic diet (Dixon et al. 1999), while
normal mice are resistant to dietary cholesterol. Genetically
modified animals, however, provide greater reproducibility
and consistency between experimental treatments than purely
dietary-induced CVD models. They can also be used to in-
vestigate genetic risk factors, such as alleles identified in
human epidemiological studies, and, so, inform personalised
medicine.

In humans, mutations in genes involved in lipoprotein
metabolism, notably the low-density lipoprotein receptor
(LDLR) and apolipoprotein E (APOE ), lead to familial hyper-
cholesterolaemia and atherosclerosis. Ldlr -deficient and
ApoE-deficient mice have been widely studied. Ldlr-deficient
mice fed a normal diet show a moderate increase of plasma
cholesterol level and slowly develop atherosclerosis, and on a
high-fat diet, they develop hypercholesterolaemia and athero-
sclerotic lesions (Ishibashi et al. 1993; Knowles and Maeda
2000; Bentzon and Falk 2010). ApoE-deficient mice develop
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a wide spectrum of lesions observed during atherogenesis,
such as elevated plasma cholesterol and atherosclerosis in
the aorta (Zhang et al. 1992; Plump et al. 1999). These mouse
models are valuable for investigating atherogenic mecha-
nisms, but have limited applicability in preclinical studies.
One problem is their failure to model plaque rapture and
thrombosis. It is also difficult to investigate human lifestyle
risk factors, especially food, because mice do not accept a
human diet.

The pig is well suited to the study of cardiovascular dis-
eases, and enables studies that are difficult or impossible in
mice. The pig cardio- and cerebrovascular system has a sim-
ilar anatomy to humans. Porcine blood parameters and vessel
size are similar, allowing real-time measurements (e.g. blood
flow, temperature) using human medical devices. This allows
the investigation of new technologies such as imaging to
visualise the location, extent and inflammation status of ath-
erosclerotic plaques. Porcine metabolic values also resemble
humans, and pigs readily accept a human diet.

Much current work towards modelling CVD in pigs is
focussed on the LDLR gene. Minipigs with both
mono- and biallelic inactivation of LDLR have been
produced using TALENs (Carlson et al. 2012). A com-
pany website also reports that LDLR -deficient pigs
show high plasma cholesterol and develop atherosclerot-
ic lesions even when fed a vegetarian, cholesterol-free diet
(http://exemplargenetics.com/ldlr/).

Other genes have also been modified in pigs for CVD
studies. Natural mutations in PCSK9 (proprotein convertase
subtilisin/kexin type 9) are responsible for a severe form of
human hypercholesterolaemia (Soutar 2011). One role of
PCSK9 is to regulate LDL by binding hepatic LDLRs and
targeting them for lysosomal degradation (Mousavi et al.
2009). The D374Y gain-of-function mutation increases bind-
ing affinity and causes a severe form of hypercholesterolaemia
(Soutar 2011). Minipigs that overexpress human PCSK9D374Y

have been generated. As in humans, these pigs developed
severe hypercholesterolaemia when fed a high-fat, high-
cholesterol diet, and also showed human-like progressive
atherosclerosis of the heart and great vessels (Al-Mashhadi
et al. 2013).

Endothelial nitric oxide synthase (eNOS), which catalyses
the production of nitric oxide (NO) in the inner lining of blood
vessels, plays a key role in cardiovascular regulation. Trans-
genic pigs that overexpress eNOS were generated several
years ago (Hao et al. 2006), but there has been no compre-
hensive description of the phenotype.

Hydrogen peroxide (H2O2) is also involved in the regula-
tion of NO signalling in vascular endothelium. For example,
H2O2 stimulates eNOS expression in response to increased
oxidation stress (e.g. during exercise training) (Thomas et al.
2007). However, its role in CVD is not fully understood. The
enzyme catalase tightly regulates H2O2 levels in vascular

tissues by decomposing it to oxygen and water. Transgenic
mice that overexpress human catalase in endothelium have
been generated, but no effect on endothelial eNOS expression
was evident (Lauer et al. 2005). Transgenic minipigs that
express endothelial catalase have been generated to investi-
gate the role of endothelium-derived H2O2 signalling and
potentially provide a CVD model (Whyte et al. 2011).

Peroxisome proliferator-activated receptor-γ (PPAR-γ)
(see also the section on “Diabetes mellitus”) has been identi-
fied as a therapeutic target for CVD. PPAR-γ is important in
adipogenesis and is expressed in adipocytes and many other
cell types, including vascular smooth muscle cells, endothelial
cells, macrophages and cardiomyocytes (Jiang et al. 1998;
Ricote et al. 1998; Benson et al. 2000). Thiazolidinediones
are high-affinity synthetic ligands that act as PPAR-γ ago-
nists. Mouse studies showed that they reduced atherosclerosis,
but they were found to increase the risk of heart ischaemia in
human patients (Nissen andWolski 2007). In 2011, Yang et al.
(2011) reported the inactivation of PPAR-G in viable pigs
using a zinc finger nuclease and nuclear transfer, providing a
new tool to study the role of PPAR-γ in cardiovascular
disease.

Lipid accumulation is a major factor in atherosclerotic
plaque formation. Apolipoprotein CIII is a major regulator
of plasma triglyceride metabolism and closely associated with
hypertriglyceridaemia in patients with metabolic syndrome
(Cohn et al. 2004). Wei et al. (2012) reported minipigs that
overexpress the human APOC3 gene as a model for studying
hypertriglyceridaemia and atherosclerosis. These animals
show raised plasma triglyceride levels and reduced lipoprotein
lipase activity (Wei et al. 2012).

CVD is commonly comorbid with other life-threatening
and debilitating conditions, such as diabetes (Parekh and
Barton 2010), and these are important considerations when
choosing appropriate treatments. Further characterisation of
CVD models will reveal if comorbidities emerge spontane-
ously, or whether it is necessary to generate multiple-mutant
animals. As we have described, a diverse range of pig disease
models are now being generated. The growing resource of pig
strains will, thus, allow mutations to be combined by breeding
so that human diseases can be modelled in an ever more
realistic manner.

Conclusions and outlook

We are now in the fortunate position that the genetic basis of
several serious human diseases is reasonably well understood,
allowing many candidate genetic lesions to be replicated in
pigs. Pigs are unlikely to supplant mice as subjects for basic
research, but are already providing powerful complementary
resources for translational studies. This role can be
summarised by the slogan “bridging the gap between

60 J Appl Genetics (2014) 55:53–64

http://exemplargenetics.com/ldlr/


laboratory and bedside”. Of course, generating new animal
strains is only part of the story, as each new potential model
will require considerable characterisation. During this process,
it will become clear which diseases and disease predisposi-
tions can be most accurately modelled in pigs and efforts
directed accordingly. Nevertheless, it is already evident that
several new porcine strains represent a major advance on
previously available animal models.

The toolbox available for livestock biotechnology is steadi-
ly improving, but some key items on the technical ‘wish list’
are still outstanding. One is a reliable means of activating or
deactivating modified alleles, in particular, tissues in whole
animals. Conditional gene expression based on Cre/loxP and
other site-specific recombination systems is well established
in mice (e.g. Hingorani et al. 2005), but has not yet been
extended to large animals. Mouse geneticists have available
a wide range of engineered strains that express Cre under
diverse tissue-specific and inducible promoters. The effort
required to assemble a set of transgenic pigs expressing Cre
recombinase in different tissues would be substantial but
worthwhile given their usefulness across a range of
research fields. As the field of porcine biomedicine
becomes ever larger, there is much to be gained by coordinat-
ing research efforts.
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