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1. Introduction

The genetic engineering of domestic animals has increased significantly in recent years, 

particularly with the advent of CRISPR-Cas9 gene editing tchnology. The utility of genome 

editing technology provides a unique opportunity for musculoskeletal investigators to 

consider the examination of rare phenotypes in domestic animals or perhaps more so, 

to develop domestic animal models of the bone disorders in which the bone remodeling 

process more closely resembles that observed in humans. However, the generation of large 

animal models requires specialized animal husbandry facilities and demands improved 

analytical capabilities. Accurately assessing the molecular and cellular bone phenotype of 

a particular genotype is not a simple task and requires the characterization of large bone 

biopsy specimens, the development of ex vivo culture systems from different species as well 

as the availability of non-invasive imaging for larger animals. Once characterized, a specific 

phenotype will contribute to various purposes resulting in new mechanistic insights bone 

remodeling, specific details of muscle-bone-tendon interactions and perhaps also provide 

an opportunity for improved treatment and/or therapeutic interventions that are mechanism-

based. In this perspective, we interrogate the modeling of bone phenotypes in domestic 

animals and evaluate the role of these species in the growth of the musculoskeletal field, 

considering the high current preference for rodent models. Whatever the eventual outcome, 

it is clear that recent biotechnology developments in gene editing and the annotation of more 

genomes will undoubtedly bring significant changes to the way musculoskeletal phenotypes 

are developed, studied and evaluated.

Historically, genetically modified mice, in particular mice in which a specific gene has 

been inactivated (knockouts), have served as a cornerstone for models of animal and human 

disease and as the ultimate test for the determination of gene function. However, mice 

are not completely representative of human physiology, metabolism, genetics, lifespan, or 

size and many times engineered mice do not exhibit the same phenotype or reveal the 

same gene function(s) observed in humans. Large animal models of disease often offer 
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distinct advantages because they are in many ways more representative of human physiology 

and represent alternative solutions to issues with genetic testing of gene action. Genetic 

engineering of livestock is not a new concept but has become increasingly more efficient 

and thus more cost effective of late, making the utilization of these valuable large animal 

research resources available to scientists across multiple disciplines (Table 1). It is important 

to note that many other livestock species disease models exist but limited space prevented 

the inclusion of an exhaustive list

The first genetically modified livestock were produced in the 1980s, with the primary focus 

being agricultural applications, reviewed by Pursel [1]. These initial experiments involved 

genetic engineering of sheep and pigs to improve production traits such as feed efficiency 

and meat quality [2–4]. Results of these experiments verified the usefulness of genetically 

engineered livestock and laid the groundwork for future research. These important studies 

ultimately resulted in the production of a large number of different genetically engineered 

animals, such as pigs resistant to various viral diseases, pigs that produce phytase to 

facilitate the efficient digestion of phosphorous to decrease pollution (Enviropig ™), hornless 

cattle, cattle with increased muscle development, goats that produce milk with a longer shelf 

life, as well as chickens resistant to avian influenza [5–11].

While the animals listed above were produced primarily to benefit production agriculture, 

i.e. to be used as food, other genetically engineered livestock were developed with the 

goal of producing therapeutics, pharmaceuticals and supplements that could be used to treat 

human and/or animal disease. ATryn® (antithrombin) was the first approved recombinant 

therapeutic which is an anticoagulant produced in the milk of transgenic goats [12]. 

More recently, Pharming’s Ruconest®, a C1-estrase inhibitor used for the treatment of 

hereditary angioedema, provided a second complete case study for the development of 

drugs from transgenic rabbits [13]. Many other livestock species (cows, sheep, goats, pigs 

and rabbits) have been engineered to produce therapeutic proteins in milk. These include 

alpha antitrypsin to treat cystic fibrosis, lactoferrin, used to treat stomach and intestinal 

ulcers, diarrhea and hepatitis C, albumin to treat burn patients, and recombinant human 

butyrylcholinesterase to treat oganophosphate poisoning, just to name a few. Transgenic 

cows which produce human antibodies in their blood have also been produced and promise 

to provide therapeutic approaches to treat a wide variety of human diseases [7,14–20].

Livestock production and utilization as models for biomedical research have become 

increasing available due to improved technical efficiency. The broad utility of livestock 

transgenics was dramatically altered after the nuclei of somatic cells from an adult mammal 

were used to create “Dolly” [21] and shortly thereafter Polly [22]. Genetic engineering has 

proven extremely useful in enabling animals to produce novel therapeutic proteins [23], and 

this rapidly evolved to include models of human disease. These pioneering days of genetic 

engineering, driven almost entirely by insertion of large gene constructs into the animal 

genome (transgenics), have been superseded with recent advances in the field [24,25]. The 

new technologies do not solely involve transgenesis and in fact allows for the generation 

of targeted approaches to genetically engineer animals via gene deletion or by the specific 

manipulation of sequences within endogenous genes. Given the large and almost daily 

expansion of sequenced genomes, there is now unprecedented access to detailed sequence 
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information, including control regions, coding regions, and known allelic variants in all the 

major livestock species as well as the specific gene editing technology needed to modify 

gene function [26].

The new technologies of gene editing have been added to the molecular toolbox for genetic 

manipulation of various organisms. Gene editing involves the utilization of a number of 

DNA modifying enzymes such as zinc-finger proteins (ZFP) [27], transcription activator-like 

effector nuclease (TALENS) [28] or Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR) [29]. All of these operate in basically the same manner by binding to 

specific genomic locations and inducing DNA strand breaks. ZFPs and TALENS rely on 

engineered protein domains to recognize DNA, which is then cut by fused FokI nucleases 

whereas the CRISPR system uses Watson-Crick base pairing with single-stranded RNA 

to recognize a target sequence that is then cut by a Cas nuclease. Once this occurs, 

natural DNA repair mechanisms take over and in many cases the repair event results in 

non-homologous end joining (NHEJ) which causes a mutation at the specific cut site. When 

a mutation occurs, the target gene is modified and in the case of inactivation, unable to 

function. Alternatively, the system can be used in conjunction with the addition of a new 

sequence designed for targeted insertion into the cut site via homology directed repair 

(HDR). Gene editing is applicable to many different organisms including mice and livestock 

and has proven to be remarkably efficient [30–36].

Of all the gene editing platforms, application of the CRISPR-Cas9 system has become 

the method of choice for establishing animal models of disease [35,37]. Indeed, CRISPR-

Cas9 is now widely accepted as a simple and versatile RNA-directed system for genome 

editing in a wide range of different organisms and cell types, including bacteria, mice, 

rat, zebrafish, human cells, and a variety of livestock species [35,37]. Yet to date, the 

genetically engineered phenotypes generated in domestic animals have almost entirely been 

for improved production traits [38–40], novel/therapeutic protein expression [23], or for 

models of human disease [41–43] but with little specific focus on the musculoskeletal 

system.

These advances in genome engineering along with a desire to utilize improved models of 

human disease has led to significant interest in developing gene edited large animal models. 

Given these broad genetic capabilities are now widely available, the almost singular focus 

of the bone field on murine models of bone disease is in urgent need of revision. With 

the increasing availability of reliable genomic sequence information for domestic animals 

(goats, sheep, pigs and cattle) and the ubiquitous gene manipulation tools, increasing 

numbers of genetically engineered livestock models, such as sheep, are appearing and being 

utilized in biomedical research [44,45] (Table 1). This perspective discusses the potential 

use of genetically engineered domestic animals in bone biology to highlight the beneficial 

characteristics of large animal models of human disease that complement the widespread 

utility of available rodent models.
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2. Genetic engineered models of bone disease

It is abundantly clear that murine studies have significantly contributed to our understanding 

of human physiology [46]. In terms of the utility of genetic manipulations in the study of 

the musculoskeletal system, the utility of the murine genome for manipulation has provided 

substantial insights into the development of the skeleton as well as a wide variety of disease 

states [47]. Indeed, much of what we understand about the differentiation of the osteoblast, 

osteocyte and osteoclast has come from the evaluation of mutant mice. From the pioneering 

studies that identified c-src and c-fos as critical regulators of osteoclastogenesis [48,49] 

and Runx2 in osteoblasts [50] as well as the importance of the PTH/PTHrP receptor [51], 

the contributions of genetically manipulated mice to biomedical research knowledge of 

bone development has been enormous. Similarly, the utility of mice in the establishment of 

specific gene function has had major impact on all of science, including the musculoskeletal 

field. Indeed, the availability of embryonic stem (ES) cells and the relative ease and low cost 

of manipulating the murine genome with the extensive murine genomic sequence availability 

compared with other species, virtually all but excluded the use of other species.

The significant cost and time advantages of mice kept attention focused on this species 

as the model of choice for human disease, even considering the fact that mouse models 

have some major limitations and do not consistently replicate the human phenotype. 

Their substantial differences compared with humans in body and organ size, lifespan and 

inbreeding result in pronounced metabolic, physiological and behavioral differences [44]. 

While rodents have proven excellent for elucidating gene function and pathways in the 

mammalian setting (e.g.: Wnt signaling pathway [52]; Runx2 halpoinsufficiency [53]), they 

have been somewhat less successful in recapitulating many human disease phenotypes or 

for predicting drug or treatment efficacies [54]. There are many reasons for this that are 

attributable, in large part, to species-specific differences in anatomy, physiology, metabolic 

rates, genetics, lifespan, and size. It is also possible that an expanded view to better exploit 

rodent models by changing the housing environment, diet or microbiome may provide better 

insight into human physiology. However, even in scenarios where rodent models do manifest 

the key phenotypic aspects of the human disease being modeled, they frequently pose 

pre-clinical limitations for purposes such as imaging, drug development, and in many cases 

surgical intervention [54].

It is also apparent that mice frequently respond to experimental interventions in ways that 

differ markedly from human responses. For example, the oncology drug endostatin is a 

potential anticancer therapy that has effectively treated/cured cancer in mice, but has seen 

limited or minimal efficacy in humans [55,56]. In certain scenarios murine models may 

reproduce only some of the human disease phenotype, may be more severely affected than 

human cases, or may have no clinical phenotype at all [57]. In addition, with specific 

regard to the skeleton there are several examples where human genotype and gene function 

are not accurately replicated in mice. For example, follicle stimulating hormone (FSH) 

has been shown to be a potent activator of osteoclast activity in mice [58], yet FSH was 

not found to regulate bone resorption in postmenopausal women [59]. Similarly, the tooth 

phenotype of patients with odontohypophosphatasia is not recapitulated in murine models 

with a modest alkaline phosphatase deficiency [60]. These mutant mice produce only mildly 
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affected periodontal structures because they lack the characteristic tooth deciduous loss of 

humans [60].

Wild-type pigs, goats, and sheep have been used for decades in biomedical research due 

to similarities to humans with regard to physiology and anatomy [61] (Table 1). Indeed, 

numerous sheep (and goat) models have been studied in the orthopedic and osteoporosis 

research setting [62–67]. The size of these species makes them particularly useful for 

numerous applications, including clinical imaging, medical implants and/or device design 

(e.g. plates, screws, external fixators and pacemakers), development of improved surgical 

procedures, and perhaps most importantly the ability to collect samples in a longitudinal 

manner, as in human patients. In addition, naturally occurring mutations in domestic species 

have been widely studied as disease models, including Gaucher’s disease [68], hemophilia 

[41] and atherosclerosis [69], with few known bone disease-specific mutations investigated 

[70]. Therefore large animal models that more closely mimic human condition are valuable.

The development of any gene edited disease model requires significant commitment of time, 

resources, and facilities, and deserves detailed planning. Certainly, there are important cost 

considerations when considering a rodent or large animal disease model. Currently, the costs 

to generate gene edited mice or livestock are not dissimilar (at our institution ~$8k for 

a mouse line and ~$2500/large animal). Costs diverge with animal per diem, and human 

resources to care for animals are vastly different. With appropriate pasture housing sheep per 
diem (for example) can be as low as $1/day. However, animal care costs are comparatively 

greater since it requires significantly more human resources to care for and manage a 50 

head herd, versus a 500+ mouse colony.

Recently, the ability to engineer the genome of livestock animals has substantially broadened 

their utility and enabled new studies into disease mechanisms and therapeutic interventions 

that were not previously possible [42,43,45] (Fig. 1). Thus, we propose that studies 

modeling human bone disease using strategically chosen domestic species have the potential 

to complement murine-driven research and will yield additional mechanistic insights of 

relevance to musculoskeletal disease in both veterinary and human medicine.

3. Bone remodeling and the utility of studying in domestic animals

When considering the decision to embark on the development of a large animal model of 

bone disease, as with any genetic approach, for practical reasons it is critical to be sure that 

the disease to be modeled is appropriate for that species. To be clear, the many in vitro bone 

cell types (osteoclasts, osteoblasts and osteocytes) and assays that the field currently enjoys 

are extremely informative, helping to answer important questions at the mechanistic level 

[71]. However, they are not able to answer all concerns, nor do these assays address the 

critically important physiologic interactions between various organ systems or the critical 

structural and biomechanical issues of the skeleton. Thus, appropriate animal models are 

essential if a disease or condition is to be understood and appropriate treatment strategies 

devised. In this light, how can we design a truly representative animal model of any specific 

disease? [71]. Indeed, investigators must recognize that all animal models can, by their very 
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nature, only model certain aspects of human disease, thus animal model selection becomes 

paramount.

For example, when planning to study the effect of overexpression of RANKL on 

osteoclastogenesis, the use of the mouse model is entirely appropriate. However, if the 

research question involves tooth development, or the regulation of bone remodeling or 

perhaps some combination of both, such as in hypophosphatasia (HPP), then the use of 

other model species must be considered. In the case of HPP (and other rare bone diseases), 

available murine models have limited utility for the evaluation of tooth loss and none for the 

examination of Haversian bone remodeling, so studies in the mouse may be less informative. 

In particular, if murine models do not model the bone pathology seen in patients, researchers 

are now equipped with the tools to make different animal model decisions.

Among the large animal models that have been utilized for many aspects of musculoskeletal 

research – e.g. pigs, goats and dogs – sheep have proven especially cost-effective and 

valuable in orthopedic research [72–74]. Due to their size, large animals are particularly 

convenient for studying orthopedic implants that are comparable to those used in humans 

[75,76]. In addition, the size of sheep allows detailed investigation of bone composition and 

structure of appropriately remodeling cortical and trabecular bone and even the study of the 

healing of metaphyseal bone, a major site for osteoporotic fractures in humans [77].

Haversian bone remodeling, the fundamental process underlying human bone turnover, is 

essentially absent in rodent models and many genetically-modified rodent models do not 

replicate overt bone phenotypes, which is likely due to many factors, including size, short 

life spans and the different aging processes of small animals as well as mouse housing and 

environmental conditions. In contrast, the bone structure of adult sheep is comparable to that 

of humans [71]. In particular, both the trabecular and cortical bone of sheep is characterized 

by abundant Haversian systems (Fig. 2), with bone remodeling performed by the basic bone 

multicellular units (BMUs) [78] described by Parfitt in human bone [79]. Similar to other 

large animals, the cortical bone of young sheep is plexiform [80–82] (Fig. 2) but becomes 

truly cortical bone with time. This structure, characterized by a surprising combination of 

woven and lamellar bone, allows the animal to grow rapidly, while maintaining the optimal 

mechanical properties necessary for locomotion and survival [82].

In general, bone formation is characterized by the rapid deposition of less oriented 

primary bone, followed by a slower formation of secondary (lamellar) bone [83]. Although 

there are functional similarities between plexiform and lamellar bone, the deposition and 

organization of plexiform bone shows distinct differences [81]. Older sheep (~1 year) show 

bone remodeling with well-developed Haversian systems [80,84], with the remodeling of 

all primary osteonal bone in the sheep consistently observed around 7–9 years [72,82]. 

Similarly, consider the remarkable differences in bone development between rodents and 

primates. Murine bone turnover requires around 28 days, whereas the same bone turnover 

cycle requires more than 150 days in larger species, including humans [85] and sheep. In 

addition, biochemical markers of bone turnover such as alkaline phosphatase, osteocalcin or 

collagen crosslinks routinely used to monitor bone turnover in mice and humans are also 

measurable in sheep [78,86], adding to their utility in studying the skeleton. On the other 
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hand, sheep are not appropriate for studies dealing with orally administered drugs or oral 

PK/PD absorption studies because of the complex four-compartment stomach characteristic 

of ruminant herbivores [73].

Another important advantage of the sheep is the ability to perform repeated 

histomorphometric and biochemical analyses, given the significant bone marrow, blood and 

urine samples, as well as iliac crest (and other) bone biopsies [82] that can be routinely 

obtained. Accurately assessing the molecular and cellular bone phenotype of a particular 

genotype is not a simple task and requires the characterization of bone biopsy specimens 

akin to those obtained from humans, the development of ex vivo bone marrow culture 

systems from different species, as well as the availability of non-invasive imaging for larger 

animals.

The generation of large animal models does require specialized animal husbandry facilities 

and demands improved analytical capabilities, yet these are widely available at most schools 

of veterinary medicine. However, while schools of veterinary medicine do have husbandry 

and analytical facilities for large animals, the costs associated with using those resources can 

be prohibitive. In addition, many institutions lack the infrastructure to support large NIH-

focused biomedical research programs, particularly focused on musculoskeletal diseases, 

although this is not the case at our institution. It is also critical to remember that societal 

and ethical implications of working with livestock species are low compared to other large 

animal models. In the case of sheep (and other ruminants) that are herd animals, stress can 

be significantly reduced by group housing (on pasture is preferable) and by avoiding daily 

treatment regimens. These parameters are also critical in considering the welfare and utility 

of other larger domestic species as bone disease models. However, choosing the right model 

should not only depend on the impact of gene editing on predicted bone phenotype or the 

assessment of gene function but must consider animal welfare. When modeling any human 

disease, it is important to consider which species will best represent the specific human 

disorder as well as recognize any potential shortcomings. There is no such thing as an ideal 

animal model so understanding the compromises before beginning is critical.

4. Conclusions and future directions

Other than concerns regarding the cost of large animal models, perhaps the biggest hurdle 

facing the development and utility of domestic animal bone disease models is simply their 

acceptance. From the research community and institutions as well as funding agencies more 

accustomed to the ease of use of rodent models, there are still questions of relevance and 

need. Even if the large animal disease model represents a more appropriate model of human 

bone disease, it is often met with significant resistance. Indeed, there are greater costs 

and efforts required to utilize and maintain domestic species models, although the cost to 

generate them is not significantly different from current gene edited mouse costs. Perhaps 

more detailed knowledge can be acquired by better exploiting rodent models (e.g.: changing 

the immediate environment, the individual microbiome) in addition to the effort to create 

new larger animal models. Indeed, revising the current research paradigm beyond rodents 

to include these additional species into the bone researchers’ armamentarium will require 
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significant efforts from those of us able to generate the models that need to be made, and a 

commitment to not simply develop models that can be made.

In many cases the lack of an appropriate murine model with manifestations similar to those 

typically found in humans continues to hamper understanding of disease pathogenesis and/or 

basic physiology. Scenarios such as the bone and muscle phenotypes of human HPP and 

human cystic fibrosis that are not well modeled in mice are well phenocopied in sheep and 

pigs respectively. We propose that a strategic focus on developing these large animal models 

of specific human bone disorders will address relevant questions that are not answered or not 

possible to answer in existing rodent models. Such an effort will serve to bridge researchers 

with human bone disease expertise and veterinary researchers with substantial gene editing 

knowledge, to develop a clear plan for appropriate model design, characterization, and 

subsequent complete and detailed validation.

While the cost of maintaining a specific bone disease model in a domestic species is 

relatively high, it is clear that the costs of not having the appropriate animal model will be 

even higher. Has our understanding of the details of skeletal development and homeostasis 

been impaired by over-reliance on rodent skeletal models? What, if any, consequences have 

there been for the development of new treatments for rare and other bone diseases by 

the almost singular focus on rodents? Whatever the answers to these and other important 

questions may be, it is apparent that the development of additional and informative bone 

disease models will enhance our understanding of the skeleton. Indeed, what additional 

insight can large animal models provide to improve human health? We believe these 

models hold great promise to address important physiologic questions surrounding bone 

remodeling, osteocyte function, new disease mechanisms, improved predictive treatment 

efficacies, and improved drug and device designs. With these aspirational goals, the future 

for the development of large animal models in bone research seems extremely bright, and we 

are eager to observe and contribute to the transformation of the field.
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Fig. 1. 
Workflow for the Generation of a Large Animal Model of HPP in Sheep via CRISPR Cas9. 

1.) As in all gene editing efforts, the efficiency of the selected CRISPR/Cas9 reagents must 

be determined. In this case, efficiency is determined using primary cultured sheep fibroblasts 

with Cas9 enzymatic activity determined by T7 nuclease assay of isolated DNA. Arrows 

indicate enzymatic activity generating the appropriate DNA fragments in the Exon 10 gel. 

2.) For subsequent embryo transfers, females are super ovulated and zygotes collected for in 

vitro microinjection of Cas9 reagents and the injected embryos transferred to appropriately 

prepare recipient ewes. 3.) Approximately 145 days after implantation, lambs are born that 

are subsequently genotyped by DNA sequencing and the targeted phenotype assessed.
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Fig. 2. 
Sheep bone biopsy (6 months). White arrowheads show the appearance of plexiform bone 

in the developing cortex. Black arrows identify some of the numerous Haversian systems 

visible in sheep bone. Bar = 200um.
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