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Overview

Genetic model systems allow researchers to probe and decipher aspects of human disease,

and animal models of disease are frequently specifically engineered and have been identified
serendipitously as well. Animal models are useful for probing the etiology and pathophysiology
of disease and are critical for effective discovery and development of novel therapeutics for rare
diseases. Here we review the impact of animal model organism research in three examples of
congenital metabolic disorders to highlight distinct advantages of model system research. First,
we discuss phenylketonuria research where a wide variety of research fields and models came
together to make impressive progress and where a nearly ideal mouse model has been central to
therapeutic advancements. Second, we review advancements in Lesch-Nyhan Syndrome research
to illustrate the role of models that do not perfectly recapitulate human disease as well as the
need for multiple models of the same disease to fully investigate human disease aspects. Finally,
we highlight research on the GM2 gangliosidoses Tay-Sachs and Sandhoff Disease to illustrate
the important role of both engineered traditional laboratory animal models and serendipitously
identified atypical models in congenital metabolic disorder research. We close with perspectives
for the future for animal model research in congenital metabolic disorders.

Introduction

The history of eukaryotic cellular metabolism research is rich and the output has been
fruitful. We understand core metabolism in significant detail; individual steps of metabolic
pathways are elucidated and ordered, the genes encoding the required enzymatic activities
are known, and those enzymatic reactions are frequently well-studied and understood
biochemically and biophysically. Moreover, we have a systems-level understanding of how
these core pathways operate within a vast network of highly interconnected activities.
Links in this network remain unrecognized, and surprises are undoubtedly to be discovered.
Nevertheless, our understanding of the vast complex of cellular metabolic reactions is
extensive. In contrast, our knowledge of how perturbations in core metabolic pathways
impact human development, function and health is much more limited.
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Given that life is dependent on the extensive and complicated cellular metabolic network,

it is not surprising that mutations in a vast number of genes that encode metabolic

enzymes cause congenital metabolic disorders (CMDs), originally coined as inborn errors
of metabolism (IEM) in 1908 (1). Recognition of the metabolic basis of disease also has a
rich history. It has been almost 120 years since the first time a disease was noted to follow

a Mendelian inheritance pattern (2). ldentification of the heritable material was still 50 years
away and the first genetic lesion causative of a disease of Mendelian inheritance was not
identified for several more decades.

CMD:s arise from the absence or low residual levels of enzymatic activity, leading to build-
up of substrates and decreased production of important products, which each contribute to
phenotypic outcome. CMDs are individually rare but collectively common, encompassing
over 1400 types of diagnoses and affecting as many as 1 in 1000 newborns, with higher
incidence in some populations that have reduced genetic diversity (3). Newborns are
routinely screened for a selection of CMDs in technologically advanced countries, resulting
in timely early diagnoses of most individuals in the United States with phenylketonuria
(PKU) and a selection of other CMDs (4). In contrast other CMDs are ultra rare and are
diagnosed only after genetic sequencing of patients with unique syndromes and thus, only in
a few patients worldwide (5,6). Many CMDs are also thought to be underdiagnosed because
they often present clinically as syndromes with a wide array of symptoms in a variety of
tissue and organ systems making diagnoses difficult (7,8).

The study of congenital metabolic disease can be approached on a variety of levels. It

is relatively straightforward to elucidate the effects of a mutation in an enzyme on its
catalytic activity. Our mechanistic understanding of enzyme function is quite exhaustive in
some cases, even permitting engineering of new activities. It is more difficult to predict
network-wide metabolic effects from loss or reduction of activity in one reaction. However,
advances in NMR and mass spectrometry techniques that allow simultaneous monitoring of
both steady state and relative fluctuations of metabolites system-wide have made elucidation
of such effects possible (9). It is even more difficult to explain or predict the effects of a
mutation in a metabolic gene in terms of phenotypic outcome in a multicellular organism
where certain tissues or processes may be hypersensitive to loss of activity or specifically
sensitive to toxicity of a substrate that accumulates abnormally. In fact, metabolic mutations
frequently result in syndromes with a suite of seemingly unrelated phenotypes. Further
confounding diagnoses and study is that environmental factors, diet in particular, may have
effects on outcomes and progression and presentation of symptoms.

We have prepared a perspective to discuss examples of how the most complicated of
models, both research model organisms such as mice and rats and less common models
such as primates, and even domesticated animals, are contributing to the elucidation of the
etiology of clinical phenotypes and to implementation of effective therapeutic interventions
for CMDs (Figure 9.1).
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Phenylketonuria

We start with a discussion of Phenylketonuria (PKU, OMIM 261600). PKU is one of

the most common CMDs (10). Left untreated, it results in profound and irreversible

brain damage. Dietary intervention for PKU via restriction of phenylalanine in the diet
was developed in 1954, and by 1966 routine newborn screening for PKU and dietary
intervention for affected infants was being implemented (11,12). This has led to great
success in reducing the impact of PKU on patient outcomes (13). While PKU dietary
treatment is effective, it is a difficult regimen for patients and lack of compliance is common
(14). Avoiding phenylalanine equates to avoiding protein, and patients must supplement
with a phenylalanine-free protein formula to provide healthy nutritional requirements.
Unfortunately, because many children and adults find the necessary formula supplement
unpalatable and because dietary management is onerous for families, this treatment is less
than ideal in practice.

We chose to highlight PKU because an excellent animal model was developed for PKU

in the early 1990’s and this model has facilitated impressive progress in development of
therapies to help patients manage PKU more effectively, even allowing lenience in dietary
management. PKU research already represents a major success story for the contribution

of animal models to congenital metabolic disease management. Moreover, additional
therapeutic options that will continue to improve the life of patients are under development
with the animal model in a central role. Another reason we chose to highlight PKU is to
illustrate how models beyond animals contribute to human disease research in conjunction
with animal models. From genetic screens in mice, to discovery of an alternative enzymatic
pathway in plants, fungi and cyanobacteria, to investigations in non-traditional animal
models, and finally, to treatments that employ prokaryotic systems, the PKU community
has benefited from a wide swath of research models over many years with the mouse model
as the key to many of the successes.

History and prevalence

PKU is an autosomal recessive metabolic disorder characterized by high plasma levels

of phenylalanine. It arises as a result of mutations in the gene encoding the enzyme
phenylalanine hydroxylase (PAH), which converts phenylalanine to tyrosine (15-17). PKU
was first described by the Norwegian doctor Asbjgrn Fglling in 1934 (18). A mother
reported that her two children had a musty urine odor. The doctor performed a ketone test,
which requires acidification of a urine sample with ferric chloride and discovered that the
children’s urine turned green instead of producing the typical reddish color. After further
chemical analysis, he concluded that the green color was produced by phenylpyruvic acid, a
phenylketone by-product derived from phenylalanine. PKU is found in 1 in 10,000 to 15,000
Caucasian births, but prevalence varies in other populations (19).

Clinical and molecular phenotypes and alleles

PKU can manifest across a wide spectrum of severity. However, untreated classical PKU
results in symptoms affecting the nervous system, including severe cognitive disability,
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seizures, and neurobehavioral problems. The skin is also affected with reduced levels of
pigmentation and susceptibility to eczema and other skin conditions (20).

Phenylalanine is an essential amino acid that comes from dietary intake. PAH functions

in the liver to metabolize phenylalanine to tyrosine. In the absence of PAH, the excessive
plasma phenylalanine is transported across the blood-brain barrier, where it is neurotoxic.
Additionally, the inability to produce tyrosine from phenylalanine results in a deficit of other
metabolites, such catecholamine neurotransmitters and melanin (15,21). Patients with PKU
often have fair skin, blue eyes, and blond hair due to the inability to make melanin (21).
High levels of transport of the phenylalanine across the blood-brain barrier can also hinder
the transport of other important amino acids, which likely contributes to phenotypic outcome
(22).

PKU patients may seem normal at birth. However, developmental delays become evident
around 3-6 months of age if left untreated. Due to the prevalence of PKU and our ability

to effect positive outcomes with a dietary intervention, newborns in the United States

have been routinely screened since the 1960s. Long-term neurological consequences can
be avoided with a strict low phenylalanine diet. Dietary adherence must be maintained

for the lifetime to limit the irreversible brain damage and manage PKU. Phenylalanine
application to neural cell cultures limits neurite outgrowth and high levels of phenylalanine
in patients and model organisms is associated with decreased white matter and fewer
synapses suggesting that phenylalanine is directly toxic to neurons (23,24).

Phenylalanine is a potent teratogen (25). Thus, control of phenylalanine levels is extremely
important during pregnancy. Maternal PKU syndrome is caused by unmanaged elevated
phenylalanine levels in pregnant PKU patients. Maternal PKU is associated with congenital
heart disease, microcephaly, intrauterine growth retardation and spontaneous abortion,
regardless of the fetus’ genetic PKU status (26).

The PAH gene was cloned in both humans (27) and mice (28) in the 1980s. More than
950 mutations have been associated with PKU and many categorized according to residual
enzyme activity which negatively correlates with phenotypic severity (29). Mutations in
the PAH gene include missense mutations (62%), deletions (13%), splicing defects (11%),
silent polymorphisms (6%), nonsense mutations (5%), and insertions (2%) (Williams et
al. 2008), and a frequent mechanism of reduced enzymatic function appears to be protein
destabilization (30,31).

Animal Models

The first mouse model for PKU was purposefully generated in a forward genetic screen.
After germline ethylnitrourea (ENU) mutagenesis in mice, animals were screened for
hyperphenylalaninemia and three mutants were identified (32,33). The three alleles, Pate™,
PaltiZ and PahP™3 were associated with varying degrees of hyperphenylalaninemia.
Pahf™I mice have a moderate elevation in serum phenylalanine concentration and urinary
ketones, whereas Pa/f™2 and Pahe™3 mice are severely elevated for both.
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These animals were quickly appreciated as an ideal model in terms of their recapitulation of
the molecular and pathological aspects of PKU. These mutants have provided an excellent
model for unraveling differential effects of mutations in PAH on clinical outcome because
the three alleles differ in severity of phenotype, amount of residual protein activity and type
of molecular lesion in the gene (32-35). Moreover, as strong model for the human disease
they have served as surrogates in investigating both etiology of disease and in testing of
potential therapies. Here we focus on how the animal models have been useful for advancing
therapeutic-focused research in conjunction with studies in multiple other systems from
prokaryotes to plants.

Therapeutics

The concept of enzyme replacement therapy has heavily influenced PKU treatment research,
even though significant challenges had to be overcome to make this a success story.

PAH normally functions in the hepatocyte cytoplasm and requires the non-protein cofactor
tetrahydrobiopterin (BH,4) for activity. In fact, depletion of BH,4, which can arise from
mutations in enzymes in its biosynthetic pathway, reduces PAH activity and results in
hyperphenylalaninemia and syndromes that overlap to some degree with PKU (36). The
need for the BH,4 co-factor and the liver localization of the normal protein complicates
implementation of replacement enzyme therapy using PAH itself, as do issues with stability
of the PAH enzyme (37). However, the same cofactor requirement attribute has been
exploited to implement a distinct therapeutic for PKU.

Some patients with mild PKU benefit from administration of BH, (Muntau et a/. 2002).

A synthetic form of BH, called saptopterin dihydrochloride (tradename Kuvan™) was

the first therapeutic approved for PKU treatment (38,39). Studies in the Pa##™! model
revealed the molecular mechanisms underlying BH,4 function. BH, stabilized the Pah protein
in this model, acting as a chaperone to promote proper protein folding and prevent the
aggregation and degradation that lead to low enzymatic activity (38). Patients who have
destabilizing mutations in PAH can benefit from this therapy. Thus, the co-factor itself has
led to an effective therapeutic, but attempts to bypass the co-factor entirely would also be
beneficial for additional patients. It was research in a distinct field combined with academic
scientists who communicated across disciplines and with industry researchers that led to a
breakthrough on this front.

Researchers studying lignin biosynthesis in plants in the 1950s determined that metabolites
of phenylalanine were important to lignin synthesis and then subsequently identified the
enzyme phenylalanine ammonia lyase (PAL) as a key player in lignin biosynthesis (40).
Phenylalanine ammonia lyase is found in plants as well as fungi and converts phenylalanine
to frans-cinnamic acid and ammonia (40).

John Hoskins was an organic chemist who serendipitously shared lab space with a PKU
diagnostics lab in the 1970s and became interested in the disease (41). His interest
eventually led him to join forces with Dr. Henry Wade who knew that depletion of
phenylalanine was important in treatment of PKU and had access to PAL enzyme. Together
they implemented formulations to test the effect of PAL in humans, in both normal test
subjects after a high protein meal and on the high levels of phenylalanine in PKU patients
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(41,42). Their work provided proof of principle for an effective therapeutic but years of
research to develop a safe product lay ahead.

PAL is not a mammalian protein and its introduction in mammals leads to an immunogenic
response, making it unsuitable as a therapeutic. Immunogenicity issues are not uncommon
in molecular therapeutics, and PKU researchers employed a common technique to mask the
immunogenic protein from the host (43). They used PEGylation, involving modification of
the protein with polyethylene glycol, to try to limit the antigenicity and immunogenicity

of the protein with some limited but insufficient success. In an academic / pharmaceutical
collaborative effort in 2008, researchers turned to a selection of cyanobacteria, fungi and
plants as sources of diverse PAL proteins to try to identify a suitably candidate for enzyme
replacement therapy.

PEGylated PAL proteins from Anabaena variabilis, Nostoc punctiforme, Petroselinum
crispum and Rhodospridium toruloides were tested for therapeutic effect in the Pah®?

mice (44). High doses of protein followed by smaller, secondary doses decreased plasma and
brain phenylalanine, with the Anabaena variabilis (Av) protein showing the most favorable
results in terms of thermal stability, proteolytic resistance and optimal pH sensitivity. In
addition to the decrease in phenylalanine levels, the characteristic hypopigmentation, due the
lack of conversion of tyrosine to melanin, was also ameliorated (44). The effects of enzyme
treatment were reversible once treatments were halted.

A modified and optimized version of PAL from Anabaena variabilis was chosen as a
candidate for Phase I clinical trials conducted by BioMarin as a therapeutic treatment for
classical PKU due to the success found in the Pa#€"“2 mice. During human clinical trials,
60.7% of patients had a blood phenylalanine level below the recommended guidelines
within 24 months of starting treatment (45). Thus, the second therapeutic drug (trade name
Palynzig™) and the first enzyme substitution therapy for PKU was approved by the FDA.
This therapy no longer requires the onerous dietary restrictions associated with standard
treatment.

Maternal PKU models

Avian, rodent and primate models for maternal PKU have been explored with emphasis on
elucidating the etiology of the cardiac malformations associated with high phenylalanine
during pregnancy (46-49). Again, the Pa##"2 mouse model is a relevant model for what

is observed in humans. Pahe™"Z females produce offspring with structural defects in the
cardiovascular system, although the structural problems reported in humans and mouse
differ (46). Gene expression analysis in chick and Pa#€" reveal changes in genes relevant
to cardiac development and function including cardiac troponin and myosin (47,50).

The Pah®"Y2 maodel and the future

PKU research benefits from the fact that it is less rare than many CMDs. As a result, many
advances in therapeutics and disease etiology have come from insights gained in patients.
Moreover, the mouse model for PKU is perhaps as close to ideal as can be expected between
species. The future of PKU research will see Pa/#™ in a central role. Two recent advances
illustrate the continued relevancy of this model for exciting future therapy development.
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Our relatively recent realization of the importance of the gut microbiome and its
interdependence with human metabolism has led to increased interest in probiotics as
therapeutics (51). An engineered probiotic for PKU treatment is a reasonable approach
given that oral administration of recombinant PAL enzyme was shown to lower serum
phenylalanine levels in the Pa#®"™ mouse models (52). A Lactobacillus strain engineered
to express Anabaena variabilis-derived PAL was tested in the Pa/2"2 model, resulting

in a reduction in serum phenylalanine levels (53). Two other groups have engineered an
E. coli Nissle strain to express phenylalanine-degrading enzymes and tested responses in
the Pah?"2 model with positive outcomes (54,55). Isabella et a/. produced an intricately
engineered strain that expresses two phenylalanine degrading enzymes: cytoplasmic PAL
and a membrane bound, periplasmic-localized L-amino acid deaminase (LAAD) that
converts Phe to phenylpyruvate (55). Both enzymes are under inducible promoters to limit
enzyme production until the final stages of manufacturing of the probiotic in the case

of LAAD and until exposure to the microaerobic or anaerobic regions of the gut in the
case of PAL. This strain was engineered with adherence to FDA guidelines regarding live
biotherapeutic organisms with the goal of extending its use directly to clinical trials.

In the modern age of genome manipulation, it is now possible to consider editing of
molecular lesions in patients. Again, Pa#?"“2 has provided the conditions for proof of
principle for such experiments. In 2018, Villiger et al. reported use of a base editing
CRISPR-CAS9 system (56,57) to revert the enuZ2allele in cells of the mouse liver (58). The
edited mice had reduced blood phenylalanine levels, increased PAH activity and a reversion
of the mutant hypopigmentation.

In summary, twenty-five years of research with the Pasmouse model as a tool has already
reaped benefits and is poised to promote additional progress for patients. This field is a
success story. PKU is a great illustration where discoveries in animal models, combined with
knowledge gleaned from multiple other systems from plants to bacteria led to the discovery
of a therapy that efficiently clears the neurotoxic effects in people that suffer from this rare,
metabolic disease.

Lesch-Nyhan Syndrome

While it may be tempting to define an ideal disease model, as we discussed with PKU,

as one that recapitulates the entirety of the disorder seen in humans, e.g., genetically,
biochemically, histopathologically, and phenotypically, models that demonstrate one facet of
the disease have been useful in advancing our understanding of CMDs. Research into the
inborn error of purine metabolism called Lesch-Nyhan Syndrome highlights the utility of
establishing multiple animal models for a single CMD.

History and prevalence
Lesch-Nyhan Syndrome (LNS, OMIM 300322) is an X-linked recessive metabolic
disorder of purine metabolism caused by mutations in the hypoxanthine-guanine
phosphoribosyltransferase (HPRT) gene. It was first fully described by Michael Lesch
and William Nyhan in 1964 (59). They reported on two young male patients, ages
3 and 5, at Johns Hopkins Hospital who presented with severe motor dysfunction,
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involuntary movements and muscle contractions, and crystals in the urine. Both patients
also displayed compulsive self-injury involving biting of lips and digits. In 1967,
Seegmiller et al. demonstrated that cells of patients with LNS lack hypoxanthine-guanine
phosphoribosyltransferase (HPRT) activity (60). The H#PRT gene was cloned and sequenced
in 1983 (61,62). LNS prevalence is estimated at 1 in 380,000 live births (63). The
recognition and description of LNS marked a milestone in that it was a first metabolic
disturbance in purine metabolism linked to a neurobehavioral disease (59).

Clinical and molecular phenotypes and alleles

LNS patients have a diversity of clinical phenotypes, including hyperuricemia resulting

in gouty arthritis and renal disease, aberrant motor function, reduced gastrointestinal
motility and cognitive and behavioral problems (64-66). The syndrome presents on a
continuum. Patients with the highest levels of residual enzyme activity present with gouty
arthritis without neurological involvement. This milder clinical manifestation has been
alternatively called Lesch-Nyhan variant and Kelley-Seegmiller syndrome (OMIM 300323).
In contrast, patients with little to no residual enzyme activity are severely affected with
motor dysfunction and the neurobehavioral issues in addition to the hyperuricemia. The
most striking behavioral symptom is that these individuals are typically auto-aggressive,
causing self-injury usually via biting of lips, tongues and digits.

As a result of a severe reduction or absence of HPRT enzymatic activity, individuals with
LNS are unable to salvage purines to resynthesize nucleotides. Instead, the purines are
degraded to uric acid, and purine biosynthesis is increased in a compensatory response,
exacerbating the hyperuricemia (67). The excess uric acid crystalizes in various tissues and
organs, causing acute arthritis in the joints and stones and renal disease in the kidneys
(65,66,68). Uric acid production can by reduced in patients using drugs such as allopurinol,
a xanthine oxidase inhibitor that prevents breakdown of hypoxanthine to uric acid, and this
ameliorates the gouty aspects of the disease (65). However, allopurinol has no effect on the
neurological and motor manifestations.

The self-injurious behavior has been a topic of intense study. Self-injuries are not due to the
lack of sensation. They are believed to be associated with the dysfunction of dopaminergic
pathways in the basal ganglia. Post-mortem tissue analyses revealed low HPRT enzymatic
activity and a marked decrease in dopamine in the basal ganglia (Lloyd et a/. 1981), as well
as a decrease in markers of dopaminergic neurons (69,70).

Patients with this disorder usually require restraints to attempt to stop the neurobehavioral
issues. Treatments such as mild tranquilizers (e.g., benzodiazepine) and anticonvulsants
(e.g., carbamazepine) have been used to help with the behavioral issues (71,72). However, in
extreme cases dental extractions are recommended(66,73). There are currently no treatments
for motor deficits.

The official website of the Lesch-Nyhan Study Group lists 615 mutations in HPRT that are
associated with LNS, in which 381 are single point mutations (61.9%). Previously, several
mutational hot spots in the HPRT gene were found and the most predominant one included
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Models

12 unrelated individuals with a C to T mutation changing arginine to a stop codon in a CpG
motif (74)(74).

Cells—The first efforts to analyze the molecular etiology of LNS were carried out in

cell models. The specific lack of HPRT activity in patients was demonstrated using
erythrocytes and fibroblasts collected from patients (60). Such models have added to our
understanding of the cellular biochemistry of purines as well. For example, these HPRT-
deficient cell lines revealed alterations in de novo purine synthesis flux that occur upon

loss of HPRT as well as changes in energetics as revealed by GTP:GDP ratios (75,76).
Subsequently, cells engineered to lack HPRT activity, including human fibroblasts and
dopaminergic neuroblastoma cell lines (77) and mouse dopaminergic neuroblastoma cell
lines (78) have been used to address questions about the neurological biochemistry and
functional ability of cells that lack HPRT activity. For example, recent application of
genomics methods to examine gene expression in HPRT-deficient human fibroblasts and
neuroblastoma cells reveals down regulation of Lmx1a and Engrailed 1, transcription factors
required for development and function of dopaminergic neurons, dysregulation of canonical
whnt signaling, aberrant presenilin expression (77) and disrupted miR181a expression, which
subsequently regulates important dopaminergic cell developmental pathways (79). Each
finding from these cell models generates new hypotheses about the possible link between
HPRT and neural function and dysfunction. Moreover, cell lines have provided a platform
to demonstrate proof of principle for enzyme replacement therapies at least in terms of
correction of the biochemical deficits, if not the behavioral ones (80).

Rodents—LNS was the first human congenital disease for which a genetically engineered
mouse model was created (81,82). There were high hopes for modeling the human disease
in mice because the rarity of the syndrome presents added challenges beyond those already
inherent in research involving patients. HprtZ-deficient mice lack HPRT enzymatic activity
and were experimentally demonstrated to be unable to salvage purines, suggesting a strong
biochemical correlate of LNS in this model (83). The brains of these mice also have reduced
dopamine levels (84,85), similar to the findings in the post-mortem brains of LNS patients.
Overall, the mouse model has been useful for validating and probing the neurochemical
changes that arise when HPRT1 activity is compromised. However, the neurobehavioral
aspects of the disease were not reproduced in the knock-out mice. There was one hopeful
report that the self-injurious behaviors could be induced in the HprtI-deficient mice upon
inhibition of adenine phosphoribosyltransferase (86). However, this result has not been
reproducible (87,88), and, thus, the mouse model is not suitable for investigation into causal
relationships between the neurochemical signatures shared by mice and humans and the
behavioral outputs observed only in humans.

Because rats often provide a model system physiologically and behaviorally more similar
to humans than mice (89), rat models for LNS have also been explored. There were
expectations of success in recapitulating the behavioral issues observed in patients via
knock out of Hprtin rats because studies in rats, aimed at other purposes, serendipitously
produced a model for the self-injurious behavior in LNS. Perinatal treatment of rats with 6-
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hydroxydopamine, which selectively kills dopaminergic and adrenergic neurons (90), results
in a reduction of dopamine (91,92). Animals with this neural damage surprisingly exhibit
self-mutilation of the limbs and abdomen when administered L-dopamine as adults (91,92).
Similar outcomes are not observed when the 6-hydroxydopamine treatment is applied to
adult animals. These studies lend support to the hypothesis that dopamine perturbations are
causative of self-injurious behaviors and highlight the complicated etiology in terms of how
changes in metabolite levels intersect with developmental events to produce the behaviors.
Dopaminergic deficiencies have been directly observed using positron emission tomography
in patients independent of age, again suggesting that the dopaminergic deficiencies arise
from developmental as opposed to neurodegenerative processes (70).

The engineering of an Hprtknock out rat was reported in 2016 (93). The neurochemical
changes observed in humans and mice are also recapitulated in these rats. However, the
behavioral phenotype was once again not observed. Thus, while there is substantial evidence
supporting the role of dopamine deficiencies in the neurobehavioral aspects of LNS, the

link between loss of HPRT activity and the perturbations to dopaminergic signaling remain
unclear.

While less than ideal for studying intriguing aspects of neurobehavior, the rodent models
have been useful to shed light on the underlying etiology of other adverse symptoms

seen in LNS patients, specifically gastrointestinal motility issues that result in vomiting,
dysphagia, and constipation (94). The HPRT deficient model mice have an overall decrease
in gastrointestinal motility that is correlated with dysfunction in dopaminergic neurons

of the gastrointestinal tract (64). Moreover, gastrointestinal maotility issues are not due to
impairment of cholinergic or nitrergic systems (64). Thus, the mouse model did prove to
be important for shedding light on the changes seen in gastrointestinal motility, illustrating
significant benefit of a model that may be considered less than ideal on another front.

Back to cells and the future—The future of disease modeling is sure to include
increased use of stem cells, including both induced pluripotent stem (iPS) cells and
embryonic stem (ES) cells. Such modern models are being used for the study of HPRT
activity in neural development and function. Knock down of HPRT expression in human
iPS and ES cells results in lower expression of the P2Y1 purinergic signaling receptor

and impaired downstream signaling (95). Gene and protein expression profiles across a
timeline of dopaminergic neural development in mouse ES cells deficient for HPRT activity
suggested that the cells are inhibited in neural differentiation in favor of glial differentiation
(96). Moreover, dysregulation in a wide swath of cell functions was suggested by the gene
expression changes observed, suggesting that HPRT may have roles in neural differentiation
beyond what would be expected if considered only a purine biosynthetic mutant. In short,
much biology remains to be uncovered.

Conclusions

LNS is a complex, multifaceted disease that is associated with varied pathophysiology. The
rat and mouse models were first deemed only partial successes, due to the lack of the
neurobehavioral issues seen in humans. However, the mouse model has effectively provided
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insight into the neurochemical and gastrointestinal issues. Given the success of the models
in recapitulating the biochemical changes seen in LNS patients and the recent results of
experiments examining neural development in these models, it is likely that the rodent
models will still provide the clues needed to make a breakthrough in the neurobehavioral
puzzle.

LNS is a particularly rare disease, making it more difficult to glean information from clinical
studies. Because of the lack of a perfect model for assessing the most distressing clinical
aspects of LNS, therapeutic research has received less emphasis relative to phenylketonuria
as noted above. Instead a major thrust in LNS research has been efforts to develop the
appropriate models and studying the etiology of the perturbations in the current models, both
genetic and chemically induced, that will eventually advance therapeutic studies. This field
highlights the usefulness of less than ideal models at the same time as illustrating the need
for additional model development (Figure 9.1).

Tay-Sachs and Sandhoff Disease

In the examples above we discussed forward genetic and transgenic approaches to
deliberately engineer genetic model systems. In this example, some of the engineered animal
models do not perfectly reflect clinical aspects of the human disease. Researchers have
instead made great use of serendipitous discoveries of useful models amongst domesticated
animals. These animals are better suited to advance the types of effective therapeutic
research we saw illustrated above for PKU.

History and frequency

Tay-Sachs Disease (TSD, OMIM 272800) and Sandhoff Disease (SD, OMIM 268800) are
rare, autosomal recessive neurodegenerative disorders that develop as a result of mutations
reducing hexosaminidase activities. They are clinically indistinguishable and manifest as
mental and motor deficits that progressively worsen. Both are classified as lysosomal storage
disorders and characterized by an accumulation of GM2 gangliosides in the lysosome.

Tay-Sachs was first described in a single patient by British doctor Waren Tay in 1881(97),
who subsequently recognized the same syndrome in additional patients. In 1887, the
American doctor Bernard Sachs, unaware of the work of William Tay, submitted a paper
about a case in a girl of German descent (98), and in 1892 E.C. Kingdon reported a case
and reviewed the reports of both Tay and Sachs. Kingdon subsequently identified additional
patients and the syndrome became known as Tay-Sachs (99,100)

The American College of Medical Genetics and Genomics as well as American College of
Obstetricians and Gynecologists recommend that people of Ashkenazi Jewish descent screen
for TSD, as the carrier frequency in that population is 1 in 31 (3). The carrier frequency

in eastern French Canadians is 1 in 14 (101). Other small founder populations include
Louisiana Cajuns, Irish, and Brazilian populations also have an increased carrier frequency
(100,102). Due to pre-screening for carrier status in the Ashkenazi Jewish population, TSD
incidence decreased 90% between 1970 and 1993 in North America (100).
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Sandhoff disease was described in 1968 (103) as a variant of Tay-Sachs with a distinct
enzymatic activity profile (see below). Like TSD, SD is fatal, and the patient normally
exhibits progressive neurodegeneration (Hadfield ef al. 1977). SD prevalence is estimated
to be 1 in 422,000, with a carrier rate of 1 in 310 (Meikle et al. 1999). Some isolated
communities with high consanguinity have higher incidence rates. For example, northern
Saskatchewan is home to isolated Métis communities where the population is mixed French
Canadian and aboriginal and has a carrier frequency of 1 in 27 (Fitterer et al. 2014).

Clinical and molecular phenotypes and alleles

TSD and SD are classified clinically into multiple forms: infantile, juvenile and late-onset
(100). The infantile form is typically associated with acute symptoms of mental and
motor dysfunction and is usually diagnosed by 6 months of age (104). Catastrophic
progressive neurodegeneration leads to hypotension, inability to sit or to hold up the head,
eye abnormalities and dysphagia. Patients diagnosed with infantile forms typically do not
survive past the age of 3 or 4 years (105).

The juvenile form is characteristically diagnosed between the ages of 3 and 10 years (104).
There is more diversity in clinical manifestations in the adolescents with juvenile forms.
However, patients usually exhibit ataxia, slowed and slurred speech (dysarthria), dysphagia,
hypotension, and seizures. Patients diagnosed with juvenile forms typically do not survive
past the age of 15 years due to the progressive nature of the disorder.

The late-onset form is often diagnosed in adolescence, but the symptoms can also appear as
late as the 3 decade of life. Recognition of previously undiagnosed mild neurodegenerative
symptoms may be a characteristic of late-onset disease; patients in one study recalled
previous clumsiness and motor skill issues prior to diagnoses (106). Furthermore, the same
study showed that patients with the late-onset form did not get properly diagnosed, on
average, for about 8 years from onset of symptoms. Clinical manifestations include a
gradual reduction in motor, cerebral, and spinocerebellar activity.

SD is also associated with some distinct organ pathologies relative to TSD. Both
hepatosplenomegaly and cardiac involvement have been described in SD patients (107-109).

TSD and Sandhoff are caused by mutations that inhibit p-N-acetylhexosaminidase (Hex)
activity. Hex enzymes are homodimers or heterodimers of a and p subunits, encoded by

the genes HEXA and HEXB, respectively. HexA enzyme is a heterodimer of an a and a
subunit. HexB enzyme is a homodimer of two B subunits, and HexS enzyme is a homodimer
of two a subunits. Mutations in the HEXA gene disrupt HexA and HexS enzyme function
and cause TSD. Mutations in the HEXB gene disrupt HexA and HexB enzyme function and
cause SD. SD was first differentiated from TSD because of the observation that a patient
lacked both HexA and HexB activity (103), whereas TSD patients retain HexB activity. Note
that a third disorder with TSD and SD symptoms arises from mutations in a Hex enzyme
activator (110).

The loss of HexA results in a defect in hydrolysis of GM2 gangliosides in the lysosome. The
resulting accumulation of GM2 gangliosides inside the lysosomes of neurons causes neural
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Models

toxicity. TSD is one of multiple pathologies dubbed GM2 gangliosidoses, as mutations in
other enzymes in the pathway can lead to similar molecular and clinical phenotypes (111)

TSD severity is negatively correlated with HexA activity; patients with the infantile form
have the most pronounced depletion of enzyme activity, whereas adult-onset patients may
retain 5% to as much as 20% of normal enzyme activity (112). The wide diversity of clinical
phenotypes is also reflective of the large number of specific disease-causing genetic lesions
(112).

Mouse models of TSD and SD were created via targeted deletion of the Hexa and

Hexb genes (113-116). The Hexa mice recapitulate the biochemical aspects of TSD and
histopathological aspects in some regions of the brain. However, clinical symptoms similar
to TSD were not observed at first. As these animals age past 1 year, they do show clinical
signs similar to late-onset TSD (117), but they offer a less than ideal model for studying
TSD etiology or for exploring therapeutic approaches to the most severe forms of TSD.
The difference between human and mouse phenotypes upon mutation of the Hexa gene
appears to be due to sialidase activities in mice that can metabolize the GM2 gangliosides
in combination with the residual HexB enzymatic activity when HexA enzymatic activity is
absent (118,119). A HexA deficient mouse model in which NEUS3 sialidase activity is also
compromised displays a severe phenotype more characteristic of TSD (120).

In contrast, the Hexb mutant mice have progressive neurological phenotypes that parallel
TSD and SD in humans, including a severely shortened life span (113). The Hexb

mutant mice have an 8-week asymptomatic period following birth. This is followed by

8 weeks of rapid progression of the disease to the point of death (113). This model has
been used effectively to study the etiology of the neurodegenerative events. During the
asymptomatic period, accumulation of GM2 gangliosides damages neurons and impairs their
survival. Subsequent inflammatory responses trigger reactive astrogliosis, further death and
neurodegeneration (121,122). Defects in neurite outgrowth of hippocampal neurons from
early embryos was observed in culture (123), and there are defects in differentiation that
favor astrocytes at the expense of neurons in Hexb neural stem cells as well as Hexb mutant
iPS cells (124).

Hexb deficiency has also been engineered in zebrafish using a CRISPR-Cas9 system to
study the earliest stages of neural development (125). This model is very useful for the
ability to image early development in live animals and Kuil et a/. observed enlarged
lysosomes and increased lysosomal numbers in glia as early as 3 days post-fertilization. The
mutant animals also displayed reduced locomotor activity. Together, these results suggest
early SD neurodegeneration is recapitulated in zebrafish, creating a powerful model for cell
biological analysis of SD that will likely contribute significantly to the field. Interestingly,
adult zebrafish are viable and do not show behavioral deficits (125), likely because zebrafish
can make new neurons throughout its life (126).

TSD and SD have each been observed to arise spontaneously in domestic animal species
(cats, dogs and pigs) and animal species kept in captivity (deer and flamingoes) (127-135).

Adv Exp Med Biol. Author manuscript; available in PMC 2021 August 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moro and Hanna-Rose Page 14

Feline colony models of SD have been maintained and studied in the laboratory for decades,
and have been used to explore therapeutics for GM2 gangliosidosis (136-138). The size and
complexity of the cat brain relative to the mouse provides a superior model for humans,

and approaches using viral vectors to reintroduce missing gene activities in cats have
demonstrated proof-of-principle for such approaches (136-138).

Intriguingly, a promising model that recapitulates human TSD phenotypically and offers
an exciting model for therapeutics-focused investigations has been found in a rare breed

of primitive sheep called Jacob sheep. Multiple lambs from a single flock in the United
States displayed progressive neurological symptoms, and evaluation revealed histological
changes in the nervous system, including enlarged neurons, a decrease in white matter

and abnormalities in the retina. Hex enzyme activity was decreased in brain tissue and a
mutation was found in the Hexa gene (139,140). The disease has also been identified in the
population of British Jacob sheep from which the North American flock originated (141),
and breeding populations have been established for research.

This model is being used to explore therapeutic approaches, and, again, because of brain
size and complexity is an excellent model for exploring therapeutics to benefit children
with Tay-Sachs. In 2018, Gray-Edwards et a/. reported signficant success using intracranial
administration of an adenovirus vector to introduce the Hexa gene or copies of both Hexa
and Hexb. Experimental animals all showed delay of symptom onset (142).

These adenovirus-mediated gene therapies offer great promise as proof of principle for gene
replacement therapies. However, adenovirus-mediated gene therapies have proven dangerous
in humans and significant hurdles remain to be overcome to develop an efficacious strategy
to reintroduce the missing enzymatic function in neural tissue. The cat and the sheep models
offer great promise for testing engineered therapies to achieve the types of success achieved
in PKU research.

Organoid Model — A step into patient-oriented models

While there is no substitute for animal models in the realm of probing neurobehavior,
modern technologies offer options for modeling that will reap benefits for patients.
Pluripotent cells can be both induced and then coaxed into formation of a variety of different
organoids (143). These organoids are complex structures that recapitulate aspects of cell
differentiation and organ development, morphology and function. Organoids formed from
the cells of patients with specific genetic lesions is a step towards personalized medicine
for rare CMDs. Cerebral organoids for Sandhoff Disease have been produced and examined
(144). Fibroblasts were obtained from an infant with SD and used to produce iPS cells.

The researchers also used a CRISPR-CAs9 system to edit the genetic lesion of the patient’s
cells, correcting one copy of the HEXB gene and used the original and edited, isogenic
control cells to generate cerebral organoids. The SD organoids were larger than the isogenic
control organoids and produced GM2 gangliosides, similar to what was seen in the brain

of SD patients (144). They were able to ameliorate GM2 accumulation using a gene
replacement therapy approach. Whole transcriptome analysis of these organoids revealed
the reduced expression of an intriguing set of genes related to neural development in the
mutant organoids.
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Conclusions

CMDs are rare diseases. Thus, the number of patients affected is low and gaining extensive
information clinically is challenging. As a result, the development of animal models has
been critical and will continue to play a role in CMD research and therapeutic advances for
patients with CMDs. We have only discussed a handful of CMDs. However, these diseases
illustrate two major principles in our research enterprise. Frist, a model that recapitulates
human clinical symptoms is a tremendously powerful tool for facilitating therapeutic
development. Second, models that do not recapitulate all clinical symptoms of a disease
have significant value as well (Figure 9.1). They play a critical role in elucidating disease
etiology which leads to new ideas and research pathways for therapeutic development as
well as new ideas for further model development. Modeling rare disease is primarily aimed
at helping patients. However, the impact is much broader because we have fundamental
gaps in our understanding of the biology of disease phenotypic manifestation that will be
addressed in these studies. For example, the catastrophic neural degeneration observed and
investigated in Tay-Sachs models is likely to unravel aspects of immune responses in brain
that are novel.

Use of animal models is necessary to generate the knowledge to ameliorate quality of

life issues for patients and families. For disorders where great models have already

been established, we expect the current era of genome manipulation to lead to human
disease models more sophisticated than gene deletion. The Pa#?™ models, which are point
mutations generated in forward screens, have been incredibly useful. As we move to the
future, we also expect to see more frequent use of designer models engineered to carry
specific human disease mutations. Advances in iPS and organoid technology will also

be used to create patient-specific models more frequently. As model-making in atypical
clinically-based research animals, such as pigs and cows, becomes possible because of
advances in genome engineering (145), we also expect to see more complicated models for
disorders. We are confident that each direction will result in eventual realization of truly
designer treatments.

PKU is a rare disease, and LNS, TSD and SD are even rarer, yet all are heavily studied.
There are many other CMDs that are ultra-rare, with fewer than 100 patients identified
world-wide and these CMDs are understudied. While animal models can be engineered

for such diseases, there is no a priori guarantee that the expense and research effort will
produce a model for clinical aspects of disease and the research enterprise is simply not

vast enough for an effective focus on each of these disorders. The community should also
embrace genetic model systems such as zebrafish and invertebrates such as Drosophila and
C. elegans for these diseases because these models are cheap and fast and bring the power of
forward unbiased genetics to the table, which can be less expensive and yet quite effective in
generating therapeutic ideas.

Abbreviations & Terminology

CMD
congenital metabolic disorder
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ENU
ethylnitrosurea

ES
embryonic stem cell

GM2
G represents gangliosides, M indicates monosialic and 2 indicates 24 monosialic
ganglioside discovered

HEXA, HEXA
human acetylhexosaminidase a subunit protein and gene, respectively. HEXA also refers to
the enzymatic activity of the hexosaminidase a/ p dimer

Hexa, Hexa
mouse acetylhexosaminidase a subunit protein and gene, respectively

HEXB, HEXB
human acetylhexosaminidase B subunit protein and gene, respectively. HEXB also refers to
the enzymatic activity of the hexosaminidase p dimers

Hexb, Hexb
mouse acetylhexosaminidase B subunit protein and gene, respectively

HEXS
refers to the enzymatic activity of the hexosaminidase a dimers

HPRT, HPRT
human hypoxanthine-guanine phosphoribosyltransferase protein and gene, respectively

Hprt, Hprt
rodent hypoxanthine-guanine phosphoribosyltransferase protein and gene, respectively

IEM
Inborn Error of Metabolism

iPS
induced pluripotent stem cells

LNS
Lesch-Nyhan Syndrome

PAH, PAH
human phenylalanine hydroxylase protein and gene, respectively

Pah, Pah
rodent phenylalanine hydroxylase protein and gene, respectively

PAL
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phenylalanine ammonia lyase

PEG
polyethylene glycol

PKU
phenylketonuria

SD
Sandhoff Disease

THBD
tetrahydrobiopterin deficiency

TSD
Tay-Sachs disease

BH,4
tetrahydrobiopterin

Ataxia
is a lack of voluntary coordination of muscle movements

Dysphagia
is difficulty swallowing

Hyperuricemia
refers to elevated uric acid levels in the blood.

Hyperphenylalaninemia
refers to elevated concentrations of the amino acid phenylalanine in the blood.

PEGylated
refers to covalent and non-covalent modification of a protein with PEG.
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Figure 9.1. Therole of animal modelsin elucidating etiology and developing ther apies of
congenital metabolic disorders.

Animal models (highlighted in dark blue) are developed in different ways, including

using traditional forward genetics, standard transgenic approaches and novel genome
editing technologies. Genome editing is facilitating development of animal models in non-
traditional laboratory animals. Some model animals also arise among animals outside of
laboratory environments as a result of founder mutations and reduced genetic diversity
stemming from human domestication. Animal models ideally mimic human disease, but
often only partially recapitulate biochemical and /or phenotypic aspects of human disease.
Each are useful for probing disease etiology. Research involving cell and in vitro models
(highlighted in light blue) and human clinical studies (highlighted in orange) are combined
with insights gained in animal models to both elucidate mechanisms disease etiology and
enhance model development (red arrow). An ideal animal model is an extremely powerful
tool (purple arrows) for advanced therapeutic development.
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