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Abstract

Lesch-Nyhan disease (LND) is a neurodevelopmental disorder caused by mutations in the
gene HPRTI, which encodes the purine recycling enzyme, HPRT. Impaired purine recycling leads
to overproduction of uric acid, resulting in gout and hyperuricemia. Remarkably, while the brains
of individuals with LND appear largely normal, they experience severe neurological symptoms
including self-injurious behaviour and motor impairment. While not fully understood, these
outcomes have been tied to observations that the brains of those with LND show reductions in
tyrosine hydroxylase and dopamine, involved in reward and motor functions. This thesis presents
findings of investigations performed using stem cell and genetic engineering technologies to model
LND in HPRTI knockout and patient-derived forebrain and midbrain cell types. We found that
loss of HPRT in dopaminergic (DA) neural progenitor cells (NPC) led to reduced intensity of
developmental cell-fate markers, loss of purine derivatives, and impaired glycolysis and oxidative
phosphorylation. Real-time glucose tracing revealed that DA NPCs lacking HPRT sacrifice ATP
production to prioritize de novo purine synthesis. Depleted purines in DA NPC resulted in loss of
RHEB, impairing activation of mMTORCI1. Overall, the data indicate that loss of purine salvage has
specific effects in the dopaminergic cell lineage, possibly due to a pre-programmed, higher-energy

state in those cells.



Résumé

La maladie de Lesch-Nyhan est un trouble du développement neurologique causé par des
mutations du gene HPRTI, encodant I'enzyme de recyclage des purines, HPRT. L'altération du
recyclage des purines entraine une surproduction d'acide urique, entrainant la goutte et
I'hyperuricémie. Remarquablement, alors que les cerveaux des personnes atteintes de LND
semblent en grande partie normal, ils présentent de graves symptdmes neurologiques, notamment
un comportement d'automutilation et une déficience motrice. Pas encore entierement compris, ces
symptomes ont été liés a des observations que les cerveaux des personnes atteintes de LND
présentent des réductions de la tyrosine hydroxylase et de la dopamine, impliquées dans les
fonctions de la récompense et motrices. Cette thése présente les résultats d'enquétes réalisées a
l'aide de technologies de cellules souches et de génie génétique pour modéliser le LND dans les
cellules knock-out HPRT1 ou dérivées des patients, de types du cerveau antérieur et du cerveau
moyen. Nous avons constaté que la perte de HPRT dans les cellules progénitrices neurales
dopaminergiques (DA NPC) entrainait une réduction de l'intensit¢ des marqueurs du destin
cellulaire du développement, une perte de dérivés de purine et une altération de la glycolyse et de
la phosphorylation oxydative. Le tracage du glucose en temps réel a révélé que les DA NPCs
dépourvu de HPRT sacrifient la production d'ATP pour prioriser la synthése des purines. La perte
de purines dans DA NPC a entrainé la perte de RHEB, altérant l'activation de mTORCI. Dans
I'ensemble, les données indiquent que la perte de recyclage des purines a des effets spécifiques
dans la lignée cellulaire dopaminergique, probablement en raison d'un état d'énergie plus ¢€levée

préprogrammé dans ces cellules.
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Chapter 1: Introduction

Neurodevelopmental Disorders
According to the DSM-V, neurodevelopmental disorders are characterized by impairments of
personal, occupational, social, or academic functioning with onset in the developmental period
(American Psychiatric Association 2013). This broad categorization means that the group of
conditions referred to as neurodevelopmental disorders presents a wide range of symptoms,
impairments, severities, and etiologies. Additional diagnostic complexity is introduced by frequent
co-occurrence of multiple neurodevelopmental disorders in one individual. Autism spectrum
disorder (ASD), for example, is known to regularly co-occur with intellectual developmental
disorder (American Psychiatric Association 2013).

A 2017 study of more than 180,000 children between 6 and 10 years of age registered with
the British Columbia Medical Services Plan found that 8.3% met criteria for diagnosis with a
neurodevelopmental disorder (Arim et al. 2017).

While many common neurodevelopmental disorders such as ASD or attention-deficit
hyperactivity disorder (ADHD) are presumed to be multifactorial in their etiology, others are
understood to result from a distinct root cause (Bishop 2010). This is the case for fetal alcohol
syndrome, as well as the many disorders which arise from various genetic abnormalities, including
Fragile X syndrome, Down syndrome, and Rett syndrome(Bishop 2010).

Epidemiology of Lesch-Nyhan disease

Identified in 1964, Lesch-Nyhan disease is among the rarest and most severe forms of
neurodevelopmental disorders. A 1972 publication estimated the annual live birth rate of Lesch-
Nyhan disease in Canada to be 1 in 380,000 live births (Crawhall, Henderson, and Kelley 1972).

In a 2007 interview, Dr. William Nyhan, co-discoverer of the disease, estimated there to be “a few
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hundred” individuals living with Lesch-Nyhan disease in the United States population of
approximately 300 million (Preston 2007).

HPRTI, the gene encoding Hypoxanthine-guanine phosphoribosyltransferase

In 1967, Lesch-Nyhan disease was found to be caused by mutations in the gene HPRT1, which
encodes Hypoxanthine-guanine phosphoribosyltransferase, also known as HPRT or sometimes
HGPRT, a key enzyme for recycling purines in the cell (Seegmiller, Rosenbloom, and Kelley
1967).

While Lesch-Nyhan disease is rare, the gene responsible is among the most commonly known
in the genome. This is because HPRT1 is often used as a “housekeeping” gene, used to normalize
measurements of expression in assays such as quantitative polymerase chain reaction (qQPCR)
because it is thought to maintain a relatively high and stable level of expression(Silver et al. 2006).
The homolog of HPRTI in the mouse genome, known as Hprt, was the first endogenous gene to
undergo targeted mutagenesis or be “knocked-out”. Published in 1987, this research was later
recognized with the 2007 Nobel Prize for Physiology or Medicine(Thomas and Capecchi 1987,
Kuehn et al. 1987).

HPRTI is approximately forty-five thousand base pairs long, comprised of nine exons and
eight introns, and is found on the X chromosome near position Xq26.1(Nguyen, Naviaux, and
Nyhan 2017; Jinnah et al. 2000). As a result of the position of HPRT in the genome, Lesch-Nyhan
disease follows an X-linked recessive inheritance pattern and affects almost exclusively males.
Cases of Lesch-Nyhan disease can rarely occur in females when non-random X inactivation
prevents HPRTI expression from the healthy X chromosome(Jinnah et al. 2000). As 0of 2017, more
than 600 mutations in HPRT1 had been identified in patients with Lesch-Nyhan disease, including

insertions, deletions, and mutations involving single base pairs, which are most common (Nguyen,
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Naviaux, and Nyhan 2017). These single base substitutions account for 63% of cases and include
missense, nonsense, and splicing error mutations (Jinnah et al. 2000).

Data from the year 2000 indicated that while some regions of the gene tend to be mutated
more often than others, most mutations that affected substrate binding occurred outside the region
encoding the substrate binding domain identified by X-ray crystallography(Jinnah et al. 2000).
Though one could hypothesize that the HPRT protein may have yet-undiscovered function. This
more likely suggests that the functional activity of HPRT’s active site is vulnerable to indirect
conformational change, meaning mutations distant from the binding domain may cause a change
in conformation of the HPRT protein more generally which in turn affects the conformation of the
active site and prevents the active site from functioning appropriately.

Simultaneously, different mutations in HPRTI can impair the enzyme activity of HPRT to
varying degrees (Sampat et al. 2011). When an individual’s HPRT enzyme activity is
approximately 1.5% or less, they experience the most severe phenotype of HPRTI mutation:
Lesch-Nyhan disease (Sampat et al. 2011). When enzyme activity is above this threshold, the
condition is referred to as Lesch-Nyhan variant or Kelley-Seegmiller syndrome (Rosa J. Torres
and Puig 2007). Patients with this condition still experience symptoms associated with high levels
of uric acid in the body. They may also have neurological symptoms associated with motor
function when enzyme activity is below 8%, but do not exhibit self-injurious behaviour (Sampat
etal. 2011).

Hypoxanthine-guanine phosphoribosyltransferase (HPRT)

HPRT exists as a tetramer in solution to perform its enzymatic function. Each monomer is
composed of 218 amino acids and makes contact with its counterparts via three distinct interfaces

(Nguyen, Naviaux, and Nyhan 2017). While the relationship between mutation position and
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phenotype severity in Lesch-Nyhan disease is not yet fully understood, these interfaces are likely
integral to the enzyme’s stability and activity(Nguyen, Naviaux, and Nyhan 2017).

In the cell, HPRT catalyzes the synthesis of the nucleotides inosine monophosphate (IMP)
and guanosine monophosphate (GMP) by recycling the purine bases hypoxanthine and guanine,
respectively. To do this, HPRT catalyses the transfer of a 5-phosphoribosyl group from the co-
substrate S-phosphoribosyl 1-pyrophosphate (PRPP)(Rosa J. Torres and Puig 2007). When HPRT
activity is impaired, the purine bases hypoxanthine and guanine cannot be recycled and therefore
accumulate. This accumulation is addressed in the cell by the enzyme xanthine oxidase, which
converts them into xanthine and subsequently the toxic waste product uric acid (Rosa J. Torres
and Puig 2007). Deficiency in HPRT also causes reduced purine salvage output of IMP, which can
be converted to adenosine monophosphate (AMP), and GMP. These molecules and their
derivatives play many important roles in the cell, including intracellular signalling, DNA and RNA
synthesis, and energy transfer and storage (Zaccolo 2011).

De novo purine synthesis

To compensate for less synthesis of IMP and GMP when purine salvage is impaired, the cell
can respond by upregulating the synthesis of these molecules via a process known as de novo
purine synthesis. The pathway begins with the input of one molecule of PRPP, a product of the
pentose phosphate pathway which is derived from glucose-6-phosphate (G6P). This method of
producing IMP and GMP from PRPP involves six different enzymes across ten steps and is far
less resource efficient than purine salvage(Yin et al. 2018).

Starting with PRPP, the synthesis of one IMP molecule via the de novo purine synthesis
requires five molecules of ATP, two glutamine, two 10-formyltetrahydrofolate, one glycine, one

aspartate, and one carbon dioxide (Yin et al. 2018). To produce GMP or AMP, this IMP molecule
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must undergo two more enzymatic transformations, each requiring additional resources which
differ depending on the end product(Yin et al. 2018).

Clinical presentation of Lesch-Nyhan disease

Without functional HPRT, impaired purine recycling leads to increased formation of uric acid.
Formed as a waste product, uric acid in elevated levels (hyperuricemia when measured in the
blood) can result in crystal formation, leading to tissue damage and pain throughout the body
(Jinnah et al. 2006). The first sign of Lesch-Nyhan disease is often observed in the baby’s diaper,
in the form of orange uric acid crystals excreted in the urine. When formed in the soft tissue of the
joints, crystals can assemble into tophi and lead to gout and joint damage. In the kidneys, high
levels of uric acid can produce kidney stones (nephrolithiasis) which can damage the kidneys and
eventually result in renal failure (Jinnah et al. 2006).

The first sign of neurological impairment in individuals with Lesch-Nyhan disease is delayed
development of motor skills, which is typically detected between three and six months of
age(Jinnah et al. 2006). A variety of motor symptoms have been observed in individuals with
Lesch-Nyhan disease, with patients commonly exhibiting a lack of muscle tone (hypotonia) and a
lack of motor control (dystonia). Other motor symptoms often seen in cases of Lesch-Nyhan
disease include choreoathetosis, opisthotonos, hypertonia, spasticity, hyperreflexia, and dysarthria
(Jinnah et al. 2006). As a result of these symptoms, people with Lesch-Nyhan disease cannot walk,
require support to sit up, and have impaired speech (Nyhan 1997).

Perhaps the most remarkable and unfortunate characteristic of Lesch-Nyhan disease is
compulsive self-injurious behavior, which is observed in nearly all individuals with the disease.
Self-injury is usually first seen as biting of the lips or fingers (Nyhan 1997). First onset of self-

injury typically occurs between 1 and 10 years of age, with earlier onset being predictive of the
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severity of the self-injurious behaviour later on (Anderson and Ernst 1994). The behaviour, often
triggered by stress, can result in serious tissue damage, with patients commonly losing tissue
around the lip or even partially amputating fingers. Removal of the teeth by a dentist is often
necessary to prevent further loss of tissue, with 60% of patients in a 1994 study having undergone
dental extraction (Nyhan 1997; Anderson and Ernst 1994).

While there are other conditions which feature self-injurious behaviours, Lesch-Nyhan
disease is notable for the variety of injurious behaviours exhibited and for the fact that patients do
feel pain and regret their actions. According to Dr Nyhan, the patients are “only limited by the
imagination and by the nature of the motor defect” when self-injuring and both feel and fear the
pain they inflict upon themselves (Nyhan 1997). In addition to biting their lips, fingers, arms,
tongue, and shoulders, people with Lesch-Nyhan disease commonly self-injure by banging their
heads, poking their eyes, or touching hot objects.

Though typically followed by remorse, people with Lesch-Nyhan disease may also feel
compelled to attempt to injure others (Nyhan 1997). In a 1994 study of 40 patients with Lesch-
Nyhan disease, 35 (87.5%) were reported to be aggressive toward others(Anderson and Ernst
1994).

Because of their disordered behaviour and movement, people with Lesch-Nyhan disease are
usually found in wheelchairs. To prevent self-injury, protective wraps or gloves are commonly
worn on the hands (Nyhan 1997). The 1994 study found that approximately 78% of patients were
restrained 50% of the time or more. Perhaps unexpectedly, patients commonly participated in
decisions regarding timing and type of restraints, with approximately 92% liking to be restrained

and feeling “at ease” (Anderson and Ernst 1994).
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Management of Lesch-Nyhan disease

In addition to using a wheelchair, protective equipment, restraints, dental extraction and
avoiding stressful triggers to lessen the consequences of self-injurious behaviour, managing Lesch-
Nyhan disease involves the use of pharmaceutical interventions. A study of 44 cases of Lesch-
Nyhan disease found that, with the exception of one, all individuals were receiving allopurinol to
address the overproduction of uric acid (Jinnah et al. 2006). Allopurinol, a structural analogue of
hypoxanthine and xanthine, works by competitively binding the enzyme xanthine oxidase,
preventing the enzyme from converting xanthine to uric acid (Murrell and Rapeport 2012). Though
it does not modify neurological symptoms, this treatment has proven very effective at reducing the
serum concentration of uric acid by 50% on average in patients with Lesch-Nyhan disease. It is
worth noting that while uric acid levels are reduced, allopurinol drives an increase in levels of
xanthine, which can also form stones (xanthine lithiasis), albeit with a lesser frequency. Other
methods of addressing symptoms associated with uric acid including hydration and urine
alkalinization (R. J. Torres, Prior, and Puig 2006).

Unlike elevated uric acid, the neurological symptoms of Lesch-Nyhan disease have proven
much difficult to address. Patients have been prescribed a variety of medications including muscle
relaxants, benzodiazepines, and dopamine receptor antagonists in attempt to treat motor
symptoms, but none have shown clear improvement (Jinnah et al. 2006).

Interestingly, a recent analysis of long-term outcomes from the perspectives of 14 patients
with Lesch-Nyhan disease found that deep brain stimulation (DBS) of the globus pallidus may be
worthwhile for the treatment of both motor and behavioural symptoms (Visser et al. 2021). Prior
small studies have shown that DBS was associated with a reduction of self-injurious behaviour

and the severity of dystonia (Taira, Kobayashi, and Hori 2003; Deon et al. 2011). While many
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families in the study offered a positive assessment of DBS, only approximately half of the families
would repeat the procedure. This is because 13 of the 14 patients experienced adverse events
following the surgery to insert the electrodes required for DBS. These adverse events, mostly post-
operative infections and malfunctioning hardware, lead to 12 of the patients undergoing one or
more additional surgical procedures (Visser et al. 2021). The findings suggest that improvements
in technique and technology may unlock DBS as a worthwhile treatment for the difficult
neurological symptoms of Lesch-Nyhan disease.

Neurobiological findings in Lesch-Nyhan disease

Despite the severe symptoms and consequences of impaired neurodevelopment in patients
Lesch-Nyhan disease, their brains show little sign of consistent morphological abnormality. In
fact, a detailed histopathological study of the brains of eight deceased patients in 1982 found no
abnormalities (Watts et al. 1982).

In contrast to the morphological evidence, biochemical signs of pathology in the brains of
patients with Lesch-Nyhan disease are apparent and have been well-documented. A 1981 study of
the brains of three individuals with Lesch-Nyhan disease found that nearly all biochemical
measures of function in striatal dopamine neuron terminals were reduced between 10% and 30%
of control values (KG et al. 1981). Data from positron-emission tomography (PET) using a
fluorescently labelled dopamine fluorodopa F18 in 12 patients and 15 controls showed that
individuals with Lesch-Nyhan disease had reduced fluorodopa F18 activity in the ventral
tegmental complex (57% of control), frontal cortex (44%), caudate nucleus (39%), and putamen
(31%)(Ernst et al. 1996).

More recent investigation has further supported these findings. A 2014 post-mortem study of

five brains found no consistent degeneration or morphological abnormality in any brain region but
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did identify a significant reduction in the expression of tyrosine hydroxylase (TH) in the striatum.
Though there was a reduction in TH, which is a key enzyme in the synthesis of dopamine, no loss
of midbrain dopamine neurons was observed (Gottle et al. 2014).

Taken together, the evidence suggests that the brains of those with Lesch-Nyhan disease
contain the neurons which arrange to form dopaminergic pathways, but that despite their
undisturbed presence, these cells do not function normally, as indicated by reduced synthesis of
dopamine and associated molecules.

In the brain, dopamine neurons assemble to form dopaminergic pathways, including the
nigrostriatal, the mesolimbic, and the mesocortical. The nigrostriatal pathway, involved in
Parkinson’s disease, mainly regulates motor function, originates in the substantia nigra, and
projects to the caudate nucleus and putamen in the basal ganglia (Ayano 2016). The mesolimbic
pathway, which mediates pleasure, emotion, addiction, and reward, originates in the ventral
tegmental area (VTA) and extends to the nucleus accumbens, amygdala, pyriform cortex, and
lateral septal nuclei (Ayano 2016). The mesocortial pathway, projecting from the ventral tegmental
area to the frontal cortex and septohippocampal regions, is involved in memory, cognition, and
emotional behaviour (Ayano 2016).

Energy and Metabolism in the context of Lesch-Nyhan disease research

Inability to salvage purines as a result of HPRT deficiency requires the cell to attempt to
compensate with de novo purine synthesis, a far less efficient process. Reduction in purines and
the consumption of extra resources required to support de novo purine synthesis (such as PRPP,
ATP, amino acids, and 10-formyltetrahydrofolate) have the potential to disrupt the delicate
energetic and metabolic balance required to maintain a healthy cell. Additional 10-

formyltetrahydrofolate, for example, must be produced via one-carbon metabolism (Ducker and
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Rabinowitz 2017). PRPP is the output of the pentose phosphate pathway, which requires the input
of G6P. To source G6P, the pentose phosphate pathway must pull it away from glycolysis, which
produces G6P in its first step (Diagram 1). Most of the ATP used in the de novo purine synthesis
pathway must be produced via oxidative phosphorylation in the mitochondria, a process which,

among other resources, requires the end-product of glycolysis, pyruvate.

Glucose Pentose Phosphate de novo

| Pathway Purine Synthesis
4
l - |

Glycolysis l
Purine HPRT
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Pyruvate
\ Hypoxanthine Guanine

Lactic Acid TCA Cycle
Fermentation &

Oxidative

Phosphorylation

Lactate

Diagram 1. Simplified schematic of relevant metabolic processes demonstrating the
possibility for glucose derivatives to be pulled from energy production to support the

synthesis of purines in the event that purine salvage is interrupted.

Glycolysis, oxidative phosphorylation, the pentose phosphate pathway, and the de novo
purine synthesis pathway represent only a fraction of the entire intricate network of interlinked
metabolic pathways and processes that keep a cell alive. To maintain homeostasis, the delicate
balance of processes and metabolites must be tightly regulated. Directing this cellular symphony
are, among others, AMP-activated kinase (AMPK) and the mammalian target of rapamycin

complex 1 (mTORCI).
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AMPK is a heterotrimeric complex of proteins which senses the ratio of AMP to ATP in the
cell and is activated when bound by AMP. In response to activation, AMPK regulates processes
that consume ATP, such as glycoprotein synthesis, and promotes processes which increase ATP,
such as glycolysis (Holczer et al. 2019). Similarly, mMTORCI regulates metabolism and cell growth
in response to sensed levels of energy, nutrients, and growth factors. To be activated, mMTORCI1
requires GTP-bound RHEB, whose levels reflect purine concentration in the cell. Among other
functions, active mTORCI1 phosphorylates signalling proteins including ULK1 and ribosomal
protein S6 to inhibit autophagy and drive protein synthesis. Studies have shown that prolonged
depletion of purines reduces of levels of RHEB, an obligate activator of mMTORC1(Emmanuel et
al. 2017; Hoxhaj et al. 2017).

Interestingly, recent findings have also revealed a regulatory relationship between mTORC1
and the primary cilia(Foerster et al. 2017). The primary cilium is an antenna-like organelle
involved in signalling processes including the Sonic hedgehog (SHH) pathway. The Shh pathway
is vital to normal neurodevelopment and contributes to spatial patterning, cellular identity in the
central nervous system, axonal guidance, and the connectivity and activity of neurons (Park, Jang,
and Lee 2019). Notable for investigators of Lesch-Nyhan disease, SHH activity is necessary for
the differentiation of midbrain dopaminergic neurons (Cooper et al. 2010).

Scientific models for investigating Lesch-Nyhan disease

In addition to direct studies of the brains of patients with Lesch-Nyhan disease via PET
imaging or autopsy, models have been used in attempt to understand the neurological
underpinnings of the disease. These have included both animal and human cell models.

HPRTI knockout mice have been found to recapitulate some of the observations seen in

individuals with Lesch-Nyhan disease, such as impaired purine recycling and reduction in
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dopamine in the brain. They do not, however, reproduce observations such as uric overproduction
of uric acid or neurobehavioural abnormality (Jinnah 2009). It is also important to note that human
metabolism is not perfectly reflected by mice. The enzyme L-threonine dehydrogenase (TDH), for
example, is not functional in humans despite being active in most animals, including mice. In non-
humans, TDH is an important provider of the glycine used in one-carbon metabolism for the
synthesis of 10-formyltetrahydrofolate, a necessary input for de novo purine synthesis (Ducker and
Rabinowitz 2017).

Cell lines obtained from human brain tumors have also been used with some success to study
Lesch-Nyhan disease, however their genetic and cell type instability have proven suboptimal for
generating clear results (Bitler and Howard 1986; Yeh, Zheng, and Howard 1998; Paul et al. 2007,
Gao et al. 2016). Ideally, when cell culture is used to study a disease, the cells should be the same
cell type as the cells involved in the condition being studied. For example, the neurons of a person
with a genetic disease affecting their liver will contain the same affected genome but may not
present the pathological phenotype affecting the cells in the liver due to different cell type. In
recent years, technological breakthroughs have allowed for the reprogramming of healthy somatic
cells to induced pluripotent stem cells (iPSC), from which a vast array of cell types can be
differentiated, cultured, and studied (Takahashi et al. 2007). For the purposes of studying
neurodevelopmental disorders such as Lesch-Nyhan disease, these can include neural progenitor

cells (NPCs) and neurons of various subtypes, including dopaminergic and cortical.
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Objectives and Hypothesis

The objective of the following investigations is ultimately to further our understanding of the
process by which mutations in HPRT1, a gene encoding an enzyme for purine salvage, can lead to
a severe and consequential loss of dopamine in the brain.

Specifically, this involves answering the following three questions:

1. When in neurodevelopment, modelled in vitro, do cells with HPRT deficiency begin to
show effects of loss of HPRT and which cell lineages are affected?

2. Is there a pre-existing property of those affected cell lineages that caused them to be
vulnerable to HPRT deficiency when related neural cell lineages are not affected?

3. Concerning the cell lineages which do show effects of HPRT loss, what is occurring
in those cells as a result of HPRT deficiency that could explain reduced dopamine in
the brain?

The central hypothesis to this investigation is that the dopaminergic lineage of cells in the
developing brain is especially vulnerable to the loss of purine salvage caused by HPRT deficiency

and as a result does not yield fully functional dopaminergic neurons, reducing dopamine output.
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Chapter 2: Methods

This chapter includes content modified from the supplemental information (Bell et al. 2021).

Cells, cell culture, and genetic engineering (see also: Chapter 3)

The investigations discussed and shown in Chapter 3 were performed using cultured human
cells. These cells were received by the lab as fibroblasts which were collected from both healthy
donors as well as patients with a range of mutations in the gene HPRT1, leading to varying degrees
of HPRT deficiency. Further details about cell culture methods can be found on pages 53 and 54
in Chapter 3 of this document as they are included in the main text of the manuscript on which this
thesis is based.

Once received, fibroblasts were reprogrammed to become induced pluripotent stem cells
(1PSCs) using episomal reprogramming vectors containing Oct4, Sox2, Myc3/4, KIf4, ShRNA P53
(ALSTEM). In the case of genetic engineering of HPRTI knockouts using CRISPR-Cas9, it was
performed simultaneous to the reprogramming to iPSC. Two HPRT1 knockout lines, KO1 and
KO2, were used in the investigations, with CRISPR-induced deletions in Exon 1 of 23 and 29 base
pairs, respectively. iPSCs were assessed for expression of appropriate markers, including SOX2
and OCT4.

Once 1PSC lines of control, HPRT knockout, and patient cells were established, they could
be expanded, or further induced to become neural progenitor cells (NPCs), which have a distinct
morphology from iPSCs. Two types of NPC were produced and investigated in this study: cortical
(CN) NPC and dopaminergic (DA) NPC. CN NPCs were assessed for expression of appropriate
markers, including SOX1 and PAX6. DA NPCs were assessed for expression of appropriate
markers, including Nurrl and FOXA2. A “crossover” experiment confirmed that CN NPCs and

DA NPCs expressed their own markers and did not express each other’s markers. CN NPCs and
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DA NPCs were further differentiated to post-mitotic CN and DA neurons, which were confirmed
to exclusively express TH and FOXG1, respectively.

Immunocytochemistry (ICC)

Cells cultured on and adhered to cover slips were washed with PBS and fixed with 4%
paraformaldehyde (Sigma-Aldrich) on slides for 10 min. 0.1% TX-100/PBS (Sigma-Aldrich) was
introduced for 10 min to permeabilize samples before they were blocked in 10% BSA/PBS for 60
min. Primary antibodies were prepared as per manufacturer recommendations in 5% BSA/PBS
and added to samples for overnight incubation at 4°C. Samples were then washed three times in
PBS. Secondary antibody diluted according to manufactured recommendations in 5% BSA/PBS
was added to the samples before they were incubated for 60 min away from light. Samples were
then washed three times with PBS, mounted to slides with VECTASHIELD (Vector Laboratories),
and imaged using an Axiolmager microscope (Zeiss). Details about the methodology for
quantifying the expression levels of stage-specific and cell fate markers in cells which underwent
immunocytochemistry and imaging can be found in Chapter 3 on page 55.

Western blot

Cultured cells were lysed with RIPA buffer (Sigma) that had been supplemented with
SIGMAFAST Protease Inhibitor Tablets (Millipore-Sigma) and PhosSTOP phosphatase inhibitor
tablets (Sigma-Aldrich). Concentrations of protein were measured with a Pierce BCA Protein
Assay Kit (ThermoFisher). Approximately 10 pug of protein was loaded per well to Mini-
PROTEAN TGX Stain-Free Precast Gels (Biorad). Gels were electrophoresed at 250V for
approximately 20-25 min before transfer to a nitrocellulose membrane using a Trans-Blot Turbo
Transfer System (Biorad). Membranes were soaked in 4% non-fat milk dissolved in TBS-T buffer

(tris-buffered saline-tritonX; Sigma-Aldrich) for “blocking” for 20 min and then incubated with
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primary antibodies overnight at 4°C on an agitating platform. Membranes were then washed four
times in TBS-T for 1, 2, 4, and 5 min before being incubated with corresponding mouse or rabbit
secondary antibodies for 1 hour at room temperature with agitation. Blots were washed in TBS-T
four more times for 1, 2, 4, and 5 min before imaging with a ChemiDoc XRS+ System (Biorad).
Images of blots produced by the Chemidoc XRS+ System were analyzed using ImageLab (Biorad)
software.

qPCR
To evaluate the HPRT1 knockout cell lines, the following primers were used:
Forward: CTCACTGTATTGCCCAGGTT
Reverse: CAGCAGGTCAGCAAAGAATTTAT
To evaluate expression of TFAM, the following primers were used:
Forward: AAGATTCCAAGAAGCTAAGGGTGA
Reverse: CAGAGTCAGACAGATTTTTCCAGTTT
Measurements were normalized to ACTB using the following primers:
Forward: ACCATTGGCAATGAGCGGTTC
Reverse: AGGTCTTTGCGGATGTCCACGT

Reverse transcription was performed using the total RNA fraction to obtain cDNA in 40 uL
volume containing 1 pg of total RNA, 0.5 pg random primers, 0.5 mM dNTPs, 0.01 M DTT, and
400 U M-MLYV RT (Invitrogen). Reactions were performed in 20 pL volumes on a 384-well plate
either using an Applied Biosystems 7900 HT (Applied Biosystems) or a QuantStudio 6
(Thermofisher) thermocycler. The reaction mixture contained 10 pL of Power SybrGreen PCR

Mastermix (Life Technologies), 1 puL of primers/probe mix, 2 uL of cDNA, and 7 pL. water.
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Seahorse Assays (measuring glycolysis and oxidative phosphorylation)

An XFe96 Extracellular Flux Analyzer (Agilent) was used to measure changes in oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) based on the level of oxygen
and on the concentration of protons in the extracellular media, respectively.

The day before the assay, approximately 30,000 HCT116 cells per well were seeded in 80 uL.
media in an XFe96 microplate and incubated in a 5% CO» incubator at 37°C for 24 hours. On the
day of the assay, 50 puL of the media was gently removed from the wells using a multichannel
pipette, cells were washed twice with 100 uL. XF assay medium (Agilent) and fresh XF assay
medium was added. Cells were then incubated for 1 hour in a CO-free incubator at 37°C for the
equilibration period. The plate of cells was then transferred to the XFe96 extracellular flux
analyzer and the assay was performed. One cycle involves a 2-minute mix, 2-minute wait, and 3-
minute measure period. After 4 basal assay cycles, 4 cycles after each drug injection were
performed.

To measure mitochondrial respiration, oligomycin (Sigma-Aldrich), FCCP and rotenone
(Sigma-Aldrich) were added at specific time points to inhibit different complexes of the electron
transport chain (ETC) at a final concentration of 1.5 uM, 0.5 uM and 1 uM, respectively. In the
glycolytic assays, glucose (Fisher Scientific), oligomycin and 2-deoxy-D-glucose (2-DG; Sigma-
Aldrich) were injected at a final concentration of 10 mM, 1.5 uM and 100 mM, respectively.
Assays were performed with at least 5 replicates and normalized to cell number by performing a

CyQUANT assay, as per manufacturer’s recommendations.
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High Performance Liquid Chromatography (HPLC)

For measuring metabolites associated with purine salvage, pentose phosphate pathway,
glycolysis: media was removed and cells were washed in 5SmM ammonium acetate before they
were lysed in 80% methanol chilled to -20 C. Cell supernatant was dried in a Speedvac, then
maintained at -80 C for less than 7 days prior to measurement. Metabolites were measured using
a Thermo Scientific Ultimate 30000 UHPLC and Thermo Scientific Q Exactive Mass
Spectrometer. For experiments with C13-glucose, cells were first incubated in DA NPC media
substituted with C13 glucose for 4 hours, all subsequent steps were the same as described above.

For measuring dopamine, 3.4-dihydroxyphenylacetic acid (DOPAC) and homovanilic acid
(HVA), cells were washed with PBS, lysed using perchloric acid, centrifuged to form pellets, and
the liquid was decanted. Samples were run on an UltiMate™ 3000 Coul Array™ HPLC machine.
Metabolite concentrations were quantified using OpenChrom (https://www.openchrom.net/)
software. A laboratory standard sample of each compound was used to assess the concentration of
each measured compound. Data was normalized based on protein concentrations. To measure the
DA release in the culture media, cells were differentiated and cultured in 60mm culture dishes for
60 days. On day 60, cells were incubated in the same culture media, but supplemented with 56mM

KCl for 15 minutes. HPLC was then performed as described above.
Autophagy Assay
Cells were incubated in control conditions, media starved of serum, and/or incubated in media

containing 10nM Bafilomycin for 4 hours prior to lysis. All other steps were as previously

described for western blot.
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SUnSET Assay

DA NPC media containing 10uM of puromycin was used to incubate cells for 4 hours prior to
lysis. For western blotting, protein lysates were run on Mini-PROTEAN® TGX Stain-Free™ gels
and imaged under UV light as a protein loading control. All other steps were as previously

described for western blot.

TUNEL cell death assay
The TUNEL Assay Kit - BrdU-Red (Abcam) was used to assess cell death. The experiment
involved control and HPRTI KO DA NPC grown on cover slips and prepared according to the
protocol provided by Abcam. First with TDT reaction buffer, TDT enzyme and BrdUTP before
incubation in anti-BrdU-red antibody for 30min followed by rinsing. Each genotype was imaged
16 times on an Axio Imager (Zeiss). DAPI nuclei were quantified in QuPath using cell detection.
BrdUTP-positive nuclei (red) were counted manually.

Quantification of cilia
To count cilia, first ImageJ was used to convert Z-stacks of images from the Axio Imager (Zeiss)
were converted to max projections. Nuclei and cilia were quantified using QuPath. The cell
detection feature was used whenever possible to automatically quantify nuclei stained with DAPI.
When cilia were stained for Acetylated tubulin (green) and IFT88 (red), cilia were defined as a
bright green length capped at both ends by red dots. When cilia were stained for ARL13B (red),
bright red dots/lines were considered as cilia. For each image, the proportion of ciliated nuclei was
calculated. For measuring the length of cilia imaged, IMARIS software was used to render Z-
stacks of two-dimensional images into three-dimensional volumes. Length of cilia was defined as

the shortest possible distance between both ends in the three-dimensional volume.
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Chapter 3: “Lesch-Nyhan disease causes impaired energy
metabolism and reduced developmental potential in midbrain

dopaminergic cells”
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SUMMARY

Mutations in HPRT1, a gene encoding a rate-limiting enzyme for purine salvage, cause Lesch-
Nyhan disease which is characterized by self-injury and motor impairments. We leveraged stem
cell and genetic engineering technologies to model the disease in isogenic and patient-derived
forebrain and midbrain cell types. Dopaminergic progenitor cells deficient in HPRT showed
decreased intensity of all developmental cell-fate markers measured. Metabolic analyses revealed
significant loss of all purine derivatives, except hypoxanthine, and impaired glycolysis and
oxidative phosphorylation. real-time glucose tracing demonstrated increased shunting to the
pentose phosphate pathway for de novo purine synthesis at the expense of ATP production. Purine
depletion in dopaminergic progenitor cells resulted in loss of RHEB, impairing mTORCI
activation. These data demonstrate dopaminergic-specific effects of purine salvage deficiency and
unexpectedly reveal that dopaminergic progenitor cells are programmed to a high-energy state

prior to higher energy demands of terminally differentiated cells.
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INTRODUCTION

Lesch-Nyhan disease (LND) is a rare genetic condition characterized by severe motor
impairment, dystonia, crystals in the urine, and self-mutilation (Jinnah et al., 2006; Lesch and
Nyhan, 1964). It is caused by sequence errors in HPRT1, which encodes the protein hypoxanthine-
guanine phosphoribosyl transferase (HPRT), a critical enzyme in purine recycling. HPRT adds a
phospho-ribose group to breakdown products of purine metabolism, guanine or hypoxanthine, and
converts these to guanosine monophosphate (GMP) or inosine monophosphate (IMP),

2

respectively. Deficiency of HPRT presents as a ‘‘spectrum disorder,”” with only those with
enzymatic activity under ~2% showing behavioral and neurological impairment, including self-
injury and motor anomalies. Those with enzymatic activity greater than 2% are called LN variants
(LNVs) or “‘attenuated variants’’ (Jinnah et al., 2010). These cases are subcategorized into those
with hyperuricemia (greater than ~8% enzymatic activity) or those with hyperuricemia and
neurological dysfunction but no self-injury (>1% enzymatic activity) (Jinnah et al., 2010). Since
HPRT1 is located on the X chromosome, both LND and LNV follow an X-linked recessive pattern
of inheritance and thus present almost exclusively in boys.

Previous research into LND has used a variety of models, both in vivo and in vitro (Bell et
al., 2016). In vitro studies used accessible somatic cells from outside the central nervous system,
such as fibroblasts (Costa et al., 1980; Cox et al., 1970; Edelstein et al., 1978; Jinnah, 2009), which
were informative on the nature of genetic variants leading to LND but provided limited
information about the neurological changes that underpinned its most dramatic symptoms (Costa
et al., 1980). A more clinically relevant model of Lesch-Nyhan spectrum disorders would ideally

be made in neuronal cells, a technique now available (Takahashi et al., 2007), which may help to

answer long-standing questions in LND research.
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Beyond the genetic mutations in HPRTI, the pathogenesis of LND remains unknown,
although there exist clinical, human neuroanatomical, and mouse knockout (KO) studies
suggesting midbrain dopaminergic cell involvement. Positron emission tomography imaging and
postmortem brain studies have indicated that the brains of LND patients are broadly normal, but
show significantly reduced dopamine and tyrosine hydroxylase (TH) levels (Ernst et al., 1996;
Gottle et al., 2014; Watts et al., 1982). Postmortem data suggest that cell markers of midbrain
dopaminergic cell identity are present in midbrain basal ganglia cells but at decreased intensity
levels, without a morphological correlate; that is, cell number, density, and appearance look
grossly normal (Gottle et al., 2014). This observation and others led to a ‘‘developmental’’
hypothesis of LND (Egami et al., 2007; Lewers et al., 2008), whereby purine salvage may be
required at some stage during midbrain dopaminergic cell development for these cells to terminally
differentiate.

Cell models used to investigate the neurobiology of LND have been HPRT-deficient
cancerous cell lines obtained from human brain tumors. These lines were able to recapture many
aspects of human neural biology and predicted HPRT dysfunction, such as a reduction in dopamine
(DA) production (Bitler and Howard, 1986) and dopaminergic differentiation (Yeh et al., 1998);
however, immortalized cell lines were also found to possess qualities that confounded the results
because of their variable genomes (Paul et al., 2007) and unstable differentiation into the
dopaminergic lineage (Gao et al., 2016). Rodent HPRTI KO studies have shown little to no
behavioral phenotype, but significant decreases in DA levels in the midbrain (Jinnah, 2009). Cells
produce purines by synthesizing them de novo or by recycling breakdown products, the latter of
which is dependent on HPRT. In de novo purine synthesis, and beginning from cellular glucose

uptake, glucose derivatives are shunted via the pentose phosphate pathway (PPP) (Pedley and
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Benkovic, 2017) to become 5-carbon pentose sugars such as ribose-5-phosphate (R5P) (Pedley
and Benkovic, 2017), which can then be used for other cellular needs, including purine synthesis.
The first committed steps from a pentose sugar into the series of reactions that make up purine
synthesis is that from RSP to phosphoribosyl diphosphate (PRPP). PRPP enters a series of
enzymatic reactions requiring inputs such as glutamine, ATP, and folate derivatives (Moffatt and
Ashihara, 2002), and generates several intermediate products such as S5-aminoimidazole- 4-
carboxamide ribonucleotide (AICAR). The final product of the de novo purine synthesis pathway,
IMP, is readily converted to GMP or AMP. These ribonucleotide products are widely used in the
cell for a variety of purposes, including DNA/RNA synthesis and energy storage via production
of ATP and GTP. Eventually, adenine and guanine may be degraded into hypoxanthine and
xanthine. If no HPRT-dependent recycling occurs, these waste metabolites are secreted as uric
acid (Moffatt and Ashihara, 2002).

Cells have different energy sensors to cope with changing energy states. One important sensor
is AMP-activated protein kinase (AMPK), which senses the ratio of AMP to ATP; an increased
ratio activates the enzyme to drive other metabolic pathways to increase ATP (Garcia and Shaw,
2017). The mTORC (mammalian target of rapamycin complex) axis is a signaling pathway that
can integrate grTCowth factor/second messenger signals (e.g., FGF/EGF-PI3-AKT) and cell
nutrient status (e.g., purines and amino acids) to affect cell growth, ribosome synthesis, autophagy,
ciliary dynamics, and protein translation (Emmanuel et al., 2017; Saxton and Sabatini, 2017). One
key brake on mTORCI is the TSC1/2 complex, which inhibits the activation of the mTORCI
activator RHEB (Hoxhaj et al., 2017). RHEB is a purine sensor; a loss of purines depletes RHEB,
reducing mTORCI1 activation (Emmanuel et al., 2017). mTORCI is associated with cell

differentiation and promotes cell maturation. Engineered mutations in the Mtor gene cause
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embryonic lethality in mice (Murakami et al., 2004), and selective deletion in brain causes major
brain alterations (Garza-Lombo” and Gonsebatt, 2016; Ka et al., 2014), including deficits in
progenitor cell self-renewal. Across other cell types, induced mutations impairing mTORCI1 lead
to loss of differentiation potential (La et al., 2018; Wang et al., 2016), suggesting that activation
of mMTORC1 may be important in allowing cells to develop to their full potential. Here we address
long-standing questions about HPRT deficiency in the human nervous system. We find that loss
of HPRT has remarkably selective effects in midbrain dopaminergic cells, specifically in reduced
ATP production and decreased mTORCI activation. These effects may drive developmental loss
of expression in critical genes such as FOXA1/2 needed for dopaminergic cell terminal

differentiation.
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RESULTS

Simultaneous generation of midbrain dopaminergic and forebrain cortical progenitor
cells reveals dopaminergic cell-specific effects of purine salvage deficiency on expression of
essential developmental markers

We made two different clonal HPRT! KO lines, both isogenic with a single healthy donor
line (Figures S1A and S1B), using our simultaneous reprogramming/gene editing technique (Bell
et al., 2019). We used two separate induced pluripotent stem cell (iPSC) clones from this donor
cell and refer to these clones as control 1 and control 2. Upon reaching a pluripotent state, iPSCs
were assessed for markers of pluripotency in both KO and control states, and we observed no
differences in ability to make iPSCs or marker intensity across cell lines (Figures S1C and S1D).
Loss of HPRT thus has no effect on stem cell induction or maintenance of iPSCs, despite clear
expression of HPRT in this cell type. All iPSCs were assessed for genomic integrity using a next-
generation sequencing assay of 5,209 genes, found approximately equally across chromosomes.
The resolution of detection for chromosomal anomalies was R10 Mb. Next, we simultaneously
differentiated each iPSC line independently to distinct populations of midbrain DAergic (DA) and
forebrain cortical (CN) neural progenitor cells (NPCs), using gold standard assays that we have
previously published for each cell type (Bell et al., 2019; Jefri et al., 2020). Simultaneous
differentiation allows us to control for operator, time-of-day, and media batch effects of common
reagents used to derive CN or DA NPCs from 1PSCs. Quality control parameters include staining
both NPC types and 30-day-differentiated cells with markers for both CN and DA cells relevant
to each time point (Figure S2). The DA marker FOXA?2 stained exclusively DA NPCs, while TH
was found only in differentiated DA neurons (Figures S2A and S2B). FOXG1 was absent from

midbrain cells but present in both CN NPCs and CN neurons (Figures S2C and S2B).
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Electrophysiological properties of DA neurons showed characteristic features of midbrain DA
cells, including high-frequency bursting activity (Figure S2E) and a depolarizing sag in response
to current clamp hyperpolarization followed by action potential trains (Figure S2F). Direct
immunocytochemical comparison of both CN and DA NPCs made simultaneously for both HPRT'1
KO and isogenic controls revealed unambiguous decreases in intensity of all DA markers in
HPRTI KOs, although all markers were detected in almost all cells (Figures 1A—1E).
Quantification by western blot and using an expanded range of markers further supported this
finding (Figure 1F; FOXAT1, 73% + 11% [p = 0.0098] decrease; FOXA2, 76% =+ 8.6% [p = 0.0074]
decrease; LMXI1A, 34% = 10% [p = 0.0408] decrease). Assessment of cell death showed slight
but significantly less cell death (Figures S3A and S3B) in KO cells. We found no discernible
difference for HPRT1 KO in CN NPCs for any markers, suggesting that loss of HPRT may lead
to relatively specific effects in DA NPCs. Such drastic decreases in the intensity of DA markers in
this committed progenitor cell type suggests that loss of HPRT affects early stages of
developmental programming in DA cells but not CN cells. The detection of DA markers with less
intensity in HPRTI KO suggests that cell fate has not changed, but rather commitment to the
midbrain DA NPC lineage may be impaired.

The significant decrease in intensity of DA markers in NPCs suggests that HPRT has a
specific role in programming dopaminergic cell fate. If this is the case, we would expect that
markers of more differentiated DA cells should show significant defects as well, since expression
of mature markers is dependent on full expression of NPC markers such as Nurrl (NR4A2)
(Saucedo-Cardenas et al., 1998) and FOXA1/2 (Ferri et al., 2007), which continue to be expressed
in more mature DA neurons. We differentiated DA NPCs for 30 days and performed

immunocytochemistry (ICC) against TH and the mature neuronal stain TUJ1 (Figure 2A). An
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automated analysis of signal intensity across 13,271 imaged cells found an average TH signal
reduction of 50.6% (p << 0.05) (Figure 2B).Western blot showed clear decreases in TH (down
67% = 14%, p = 0.0168) (Figure 2C) and supported this finding quantitatively using an expanded
set of markers (FOXA1, down 60% + 13% [p=10.00267], FOXA2, down 73% + 9.6% [p=0.0051],
and LMXI1A, down 45% £ 15% [p = 0.0432]). While we do detect weak TH staining in many cells
without HPRT, fewer cells are TH positive than would be expected from the NPC marker stage,
where almost all cells are positive for DA markers (but with less intensity). These data suggest
that the decreased intensity of DA NPC cell-fate markers might alter cell-fate programming as
NPCs mature and differentiate.

The decreased expression of TH should be reflected in the amount of dopamine that HPRT]
KO cells produce. To test this hypothesis, we performed high-performance liquid chromatography
(HPLC) measurements of dopamine and breakdown products of dopamine at 25 and 80 days of
differentiation from DA NPCs (Figures 2D-2G). We found significant decreases in dopamine and
derivatives of dopamine in HPRT KO neurons, which were exasperated as cells aged, likely
reflecting the increase in DA production that occurs as these cells mature between 25 and 80 days.
Given the potential cell-fate change at later developmental

stages, but clear expression of DA markers at NPC stages, we opted to perform further studies

in the NPC stage, reasoning that later stage outcomes are derivatives of early cell-fate problems.

Loss of adenosine and guanosine derivatives in dopaminergic cells is more pronounced
than in cortical cells
Loss of HPRT prevents salvage of purines, which could ultimately lead to a lack of purine

derivatives, including ATP and GTP (Figure 3A). To assess and compare the direct effects of
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HPRT deficiency in isogenic stem, cortical, and midbrain cells, we performed HPLC after
metabolite extraction (Figure 3). First, we observed that both KO CN NPCs and KO DA NPCs
exhibit large increases (~4-fold) in hypoxanthine, an expected consequence of HPRT deficiency
observed in patients with LND across cell types (Fu et al., 2015). No such effect was seen in KO
1PSCs, where HPRT is detectable; however, we cannot rule out increased hypoxanthine excretion
to the cell culture medium, as has been reported in stem cells (Sutcliffe et al., 2021). With respect
to adenosine and guanosine derivatives, we observed decreased levels of almost all metabolites in
HPRT-deficient NPCs, with consistently higher levels detected in DA cells than in CN, even
independent of HPRT deficiency (Figures 3B and 3C). iPSCs had consistently lower levels of
purine metabolites than DA or CN NPCs and showed no decrease in purine levels when HPRT]
was deleted, consistent with hypoxanthine concentrations. These data provide evidence that DA
progenitors, morphologically indistinguishable from CN progenitors, have higher metabolic rates
than forebrain cells, given higher baseline levels of adenine and guanine derivatives, even in
healthy cells. This is surprising because midbrain DA cells are thought to have higher metabolic
rates, due to pacemaker activity, and extensive connectivity (Mamelak, 2018; Pacelli et al., 2015),
which are properties of terminally differentiated cells. This suggests that DA cells might be
programmed very early on to have higher metabolic rates prior to cell maturation consisting of

highly arborized morphology and pacemaker activity.

Significant loss of glycolysis and oxidative phosphorylation potential due to HPRT
deficiency
To assess the effects of HPRT deficiency on metabolism in DA and CN cells, oxidative

phosphorylation (OXPHOS) and glycolytic potential (Figure 4A) were evaluated after drug

43



challenge in real time. To this end, we simultaneously measured both oxygen consumption and
extracellular acidification in genotypically matched DA and CN NPCs (Figures 4B and 4C).
Consistent with our metabolite HPLC data, we found that control CN NPCs are less metabolically
active than control DA NPCs, and that HPRTI defects in DA cells significantly impair both
glycolysis and OXPHOS. In CN NPCs, we detected a significant decrease in glycolysis, but not
OXPHOS (Figures 4B and 4C). This impairment may be due to the specific increased metabolic
needs in DA NPCs, which cannot be met without purine salvage. The abundance of mitochondria
in a cell can fluctuate with energy state and have a significant impact on cellular metabolism (Liesa
et al., 2009). We examined TOMM?20 expression, which is used as a marker of mitochondria, in
DA NPCs and found no qualitative differences between HPRT1 KO and isogenic controls (Figure
S3C). This was supported by unchanged expression of TFAM RNA, a key mitochondrial
transcription factor, in HPRT-deficient

compared with isogenic control DA NPCs (Figure S3D). We conclude that OXPHOS is
specifically affected in DA NPCs lacking HPRT and that this is unlikely to be due to physiological

changes in mitochondria.

More glucose shunted to the pentose phosphate pathway (PPP) and increased de novo
purine synthesis in HPRT-deficient DA cells

The loss of glycolysis and OXPHOS potential might reflect increased utilization and flux of
glucose to the PPP to create new purines at the expense of glycolysis and OXPHOS. We measured
several metabolites known to be important in DA NPCs to determine if the PPP (Figure 4A) is
more active in HPRT-deficient DA NPCs. We found increased levels of RSP and PRPP and

AICAR, an intermediate product in de novo purine synthesis (Figure 4D). We also assessed AMP
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and IMP levels and included a measure of lactate as a readout for glycolytic flux. Lactate levels
were decreased in HPRT-deficient cells, and levels of AMP and IMP (Figure 4D) were consistent
with our previous results. This supports a hypothesis where glucose is shunted to a 5-carbon sugar
to make purines, possibly at the expense of glycolysis and OXPHOS. Glucose can also be utilized
to create glycoproteins via the glycosylation pathway (Reily et al., 2019). We assessed
glycoprotein synthesis to determine if glycosylation rate was affected by HPRT deficiency, but we
detected no significant change in glycosylation state in HPRT-deficient DA and CN NPCs (Figures
S4A and S4B).

To unequivocally demonstrate increased shunting of glucose to the PPP in HPRT-deficient
DA NPCs, we exposed cells to a 13C-glucose medium for 4 h before extracting metabolites. This
allows tracking of any metabolites that incorporate 13C. We found increased 13C in the RSP,
PRPP, and AICAR metabolite pools in HPRT-deficient DA NPCs compared with control DA
NPCs (Figure 4E). HPRT-deficient DA NPCs also had less 13C-containing lactate than isogenic
control DA NPCs, a measure of glycolysis (Figure 4E). Finally, we found that levels of 13C in
AMP and IMP were increased in HPRT-deficient DA NPCs compared with isogenic controls,
suggesting a model whereby glucose is shunted to the PPP at the expense of energy metabolism
and where the higher rate of de novo synthesis in HPRT-deficient DA NPCs is not sufficient to

restore purine levels to baseline conditions (Figures 2D and 2E).

Inhibition of mTORC1 in HPRT-deficient dopaminergic cells but not cortical cells
We next sought to characterize the response of metabolic sensors to these metabolic

imbalances. We investigated RHEB, a sensor of purine levels in cells (Hoxhaj et al., 2017) and

required driver of mTORCI1 (Figure 5A). HPRT deficiency strongly reduced RHEB levels in DA
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NPCs, but not in iPSCs or CN NPCs (Figure 5B), showing remarkable cell-type selectivity. If
RHEB is indeed a purine sensor, this result suggests that only DA NPCs deficient in HPRT have
purine loss drastic enough to trigger this sensor and impair mTORCI1 as a result, possibly due to
higher energy demands in DA NPCs. To test this, we selected two output markers of mTORCI
activity, ULK1 and RPS6, both of which are commonly used to monitor mTORCI1 activity
(Yanagiya et al., 2012). HPRT-deficient DA NPCs showed reduced levels of phosphorylation in
ULK1 at residue 757 (Figure 5B), an exclusive target of mMTORCI1 (Chan et al., 2009). Because of
the association between mTORCI, sonic hedgehog (SHH) signaling via GLI2, and dopaminergic
cell development (Wu et al., 2017; Yan et al., 2016), we also examined if GLI2 levels were
decreased in DA NPCs. Since less mTORCI1 activation leads to less p757-ULKI1, and
phosphorylation of this site removes the brake on autophagy, we wanted to confirm that autophagy
was increased with a real-time autophagy assay, involving starvation and autophagosome
formation blockade by bafilomycin A in living cells (Figure 5C). In HPRT-deficient DA NPCs,
we observed increased LC3-II (lower band) under autophagosome blockade, starvation only, and
both starvation and autophagosome blockade together. This suggests that both baseline autophagy
and starvation-induced autophagy are increased with HPRT deficiency, an effect that could be
triggered by the depletion of RHEB and subsequent loss of mTORCI activity.

Ribosomal protein S6 is downstream of mMTORCI1 and it can be activated by phosphorylation
at position 240/244 (Meyuhas, 2015) (Figure S4C). Despite cell-line-specific variation, triplicate
Western blot analysis detected a significant drop in 240/244 phosphorylation in DA NPCs, but not
in CN NPCs (Figures 5D and S4D). These data support the idea that mMTORCI is less active when
HPRT is deficient in DA NPCs. Ribosomal protein S6 is associated with protein synthesis of

particular mRNAs (Meyuhas, 2015), so we attempted a real-time protein synthesis assay using the
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SUNnSET assay (Schmidt et al., 2009). HPRTI KO DA NPCs failed to show any significant
difference in protein synthesis (Figure 5E), although this may be due to reported ambiguous
p240/244-S6 effects on translation (Biever et al., 2015).

We were intrigued by the data suggesting increased autophagy via the decreases in p757-
ULKI1. Autophagy is reported to affect cilia, a signaling organelle for SHH required for DA cell
development (Hynes et al., 1995). Autophagy is necessary for cilia growth, and ciliary signaling
appears to affect autophagy (Pampliega and Cuervo, 2016). It is theoretically possible that
autophagy affects DA cell development by influencing cilia length and frequency. To test this
hypothesis, we measured cilia length and occurrence throughout the development of iPSCs into
DA NPCs (Figure S5A) by visualizing cilia using combined I[FT88 and acetylated tubulin, as well
as ARL13B (Figure S5B). We found no evidence of significant difference in either cilia length or
the proportion of ciliated cells at any developmental time point assessed (Figures S5C and S5D).
These data suggest cilia dynamics are normal during differentiation from stem cells to DA NPCs
and may suggest that the DA-specific deficiencies caused by HPRT loss begin once cells are in a
purified, committed, and higher energy DA progenitor state.

AMPK is a sensor of the AMP/ATP ratio and suppresses mTORCI1 via phosphorylation of
RAPTOR and TSC2 (Cork et al., 2018). As ATP levels drop and AMP levels rise, AMPK
undergoes a conformational change, by the replacement of ATP by AMP in the active site of
AMPK. This event leads to increased phosphorylation of residues Thr 172 and Thr 183 of AMPK,
allowing the kinase to become active to restore ATP levels (Figure S6A). We have found that
HPRT deficiency in DA NPCs leads to proportional decreases in ATP and AMP (Figure S6B,
derived from data in Figure 3B), which might suggest that AMPK is not activated, even in the case

of the severe loss of ATP in HPRT deficiency. That said, exogenously applied AICAR, which is
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high under our conditions, is a commonly used stimulator of AMPK (Sun et al., 2007) and is of
interest because of its transformation to 5-amino-1-b-D-ribofuranosylimidazole-4-carboxamide
monophosphate (ZMP), which has been associated with LND (Sidi and Mitchell, 1985). To assess
this idea, we measured both p172/183 in AMPK and its target site in RAPTOR (Ser 722/792)
(Gwinn et al., 2008) from HPRT KO DA NPCs and controls (Figures S60C-S6E). We found no
difference in AMPK or RAPTOR phosphorylation states, meaning that AMPK does not affect

energy deficits via mTORCI1 or otherwise in DA NPCs deficient in HPRT.

Eight Lesch-Nyhan disease and variant cases recapitulate the effects of HPRT deficiency
on cell-fate marker expression and OXPHOS

To externally validate the HPRT'1 KO data in people affected with disease and to demonstrate
molecular effects on different genetic backgrounds, we made DA NPCs from three LND subjects,
five LNV subjects, and four controls (Table S1) (Figure 6A). To minimize variability, the 12
fibroblast cell lines were reprogrammed to iPSCs simultaneously and then immediately
differentiated to dopaminergic NPCs and neurons, when they were evaluated for metabolic effects
and markers of dopaminergic fate.

A metabolic screen of PPP metabolites, identical in design to the KO studies, showed
significant effects in all metabolites assessed in LND cells, with LNV cells showing an
intermediate molecular phenotype between control and LND (Figure 6B). We found significant
decreases in OXPHOS output measures in DA NPCs derived from HPRT-deficient subjects, with
LNV subjects showing OXPHOS rates approximately intermediate to LND subjects and controls,
accordant with the level of HPRT enzymatic activity but in a non-linear relationship (Figures 6C—

6E). Finally, we found reduced protein levels of DA NPC markers and mTORCI outputs in LND
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and LNV DA NPCs (Figure 6F). The expression of DA markers in LND-derived NPCs compared
with controls showed deficits in FOXA1 (78% = 6% reduction compared with controls, p <
0.0001), FOXA2 (63% £ 15%, p =0.0007), LMX1A (75% £ 19%, p = 0.0178), and GLI2 (59% =+
10% p < 0.0004). Reduction in markers for LNV and LND samples were consistent with a one-
phase decay exponential relationship, suggesting that most of the effect of HPRT deficiency on
the expression of these proteins occurs as HPRT approaches complete loss (Figure 6G), providing
in vitro support for why <1% activity might lead to such a severe clinical outcome compared with
enzymatic activity greater than 2%; that is, the effect of HPRT loss on OXPHOS and DA markers
is not linear. We differentiated all NPC lines from all three groups (n = 12) for 30 days and then
performed Western blot for mTORC1 and DA markers in neurons (Figure 6H) and plotted these
against HPRT enzymatic activity (Figure 6I). We observed relationships similar to what we found
in DA NPCs, that is, less HPRT activity corresponded with fewer DA markers in neurons and less
mTORCI activity, and this relationship is non-linear except for TH and ULK1. The presence of
these deficits in post-mitotic cells suggests deficits persist throughout development once in place

in NPCs.
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DISCUSSION

Our data suggest that cell-type-specific experiments are essential to investigate HPRT
dysfunction, since the intrinsic energy state may determine whether de novo synthesis can
compensate for purine salvage loss. A specific threshold of energy impairment may need to be
reached before a cell’s developmental fate is compromised. DA cells have a higher background
metabolic rate than CN cells and expose HPRT impairments as problems in energy metabolism,
which can be obscured in cells without high-energy states. This was surprising because the high
metabolic rates observed in midbrain DA cells uncovered in studies of Parkinson’s disease have
long been thought to be due to processes seen only in mature, post-mitotic cells (Mamelak, 2018;
Pacelli et al., 2015). Our data show that DA cells are developmentally programmed for higher
metabolic rates prior to any neurite branching and in the presumed absence of autonomous cell
firing. It therefore seems probable that the programming of this metabolic activity may allow for
the development of the energy-intensive processes seen in mature ventral midbrain DA cells, rather
than vice versa.

Our investigation into glucose usage clarifies several long-standing questions for purine
salvage deficiency studies. First, our data show that glucose is shunted to the PPP to increase de
novo purine synthesis and that this is done at the expense of glycolysis and OXPHOS. We detected
no changes in glycosylation levels, which suggests that that system likely remains intact. Our 13C
tracer experiments reveal that there are more purines being produced in HPRT-deficient DA cells,
but that this level is not sufficient to compensate for the loss of purine salvage. While the cell may
bring in more glucose, shunting glucose to de novo synthesis might remove product from the
glucose budget and negatively affect glycolysis and OXPHOS. Loss of purine salvage results in

significant deficits in midbrain DA progenitor glycolysis and OXPHOS, with cortical cells
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displaying only slight but significant deficits in glycolysis. This result may suggest that HPRT
deficiency compromises the energy state of DA NPCs by reducing the ability of the cell to maintain
an appropriately high level of OXPHOS.

DA progenitor cells likely sense the metabolic changes brought on by HPRT deficiency at
least in part through the purine sensor RHEB, an obligate activator of mTORC1 (Emmanuel et al.,
2017; Hoxhaj et al., 2017). RHEB is significantly depleted in HPRT-deficient cells, a result that
has been shown in other experimental systems when purines are absent (Hoxhaj et al., 2017). This
implies that mTORCI1 cannot be fully activated, which may be important to drive DA cell
differentiation. For example, in pancreatic cells mTORCI is dispensable for a cell development
but is essential for a cell maturation (Bozadjieva et al., 2017), which is driven by mTORCI via
FOXA2 and transcription of ABCCS (Surl) and KCNJ11 (Kir6.2), all of which are also markers
of dopaminergic cells of the midbrain (Osborn and Hallett, 2017). These data suggest that
mTORCI activation is important for cell differentiation and activation of FOXA2, and also that
mTORCI has a role in midbrain dopaminergic cells, although we cannot rule out mMTORCI1 being
a passenger of some other as of yet unidentified driver effect.

The loss of DA markers correlates with the degree of loss of enzymatic activity of HPRT,
suggesting a strong association between purine salvage and midbrain cell development.

While no single marker is definitive of midbrain DA cells, analysis of all suggests that purine
salvage must be intact for proper differentiation of this cell type. It is tempting to speculate that
the deficits in OXPHOS and ATP production we observed early on in DA programming lead to
the loss of marker potential, but we warn against this simplistic interpretation. We cannot rule out
that the DA markers drive the metabolic deficits, or that the two processes are intertwined.

FOXA1/2 (aka HNF3a/b), for example, are well known glucose-response genes in the pancreas
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(Heddad Masson et al., 2014) and are essential for DA development according to mouse KO
studies (Gao et al., 2010). Indeed, mouse FOXA1/2 KO shows reduced TH staining with variable
loss of DA cells (Pristera’ et al., 2015), a situation very similar to what is observed in postmortem

LND brains (Go'ttle et al., 2014).

CONCLUSION

The heightened energy state of DA progenitor cells may be restricted by some feature or
constellation of proteins observed in stem cells, hindering differentiation of DA NPCs due to the
inability to shift from de novo synthesis to purine salvage. Preserving or reverting to a *‘stem-like’’
state might ensure enough purines for a cell by relying on de novo synthesis, but these stem cell
proteins might also inhibit differentiation, which could explain why DA NPCs still meet criteria
for DA NPCs, but with less intense staining. Decreased cell death with HPRT loss may also be a
feature of cells more reliant on de novo synthesis rather than salvage. Precisely what DA NPCs
deficient in HPRT become after terminal differentiation is not currently known, although we favor

a surrounding cell type of the substantia nigra such as red nucleus cell subtypes.
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EXPERIMENTAL PROCEDURES

Tables S1-S3 in the supplemental information outline the cell lines and antibodies used in
this study. This work was approved by the research ethics board by the Douglas Hospital Research

Institute.

CRISPR-Cas9 generation of HPRTI knockout

A double-nickase CRIPSR-Cas9 gene editing system with gRNA (DNAZ2.0) targeting a 13 bp
exonic sequence of HPRT1 (AGTCCTA CAGAAATAAAATC) was generated with a Paprika
RFP reporter (DNA 2.0). Five micrograms of this construct was added per transfection reaction,
and transfection was carried out using the parameters described for iPSC induction. Following
transfection, the cells were plated on Matrigel-coated plates in 10% FBS DMEM for 24 h. The
cells were then detached and sorted via fluorescence-activated cell sorting for RFP+ cells. RFP+
cells were then replated on Matrigelcoated plates in 10% FBS DMEM supplemented with 2
mg/mL puromycin. Following 48 h of selection, the cells were dissociated using 0.05% EDTA-
trypsin and plated in Matrigel-coated six-well tissue culture plates (Corning) in TesR-E7 medium
at a density of ~1,000 cells per well. Colony formation, picking, and purification proceeded as

described for iPSC induction.

Reprogramming to induced pluripotent stem cells

Fibroblasts were cultured in DMEM (Invitrogen) supplemented with 10% BSA (Invitrogen).
The cells were then reprogrammed using episomal reprogramming vectors containing Oct4, Sox2,
Myc3/4, Klit4, ShRNA P53 (ALSTEM), and a puromycin-resistance gene using the Neon

transfection system (Invitrogen). Following transfection, the cells were plated on tissue culture
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plates coated with Matrigel (Corning) in TesR-E7 medium (STEMCELL Technologies)
supplemented with 2 mg/mL puromycin (Sigma). After 48 h of puromycin selection, fresh TesR-
E7 medium was provided, until distinct and robust iPSC colonies formed, at which point mTESR1

medium (STEMCELL Technologies) was used to maintain and proliferate the colonies.

Induction of iPSCs to neural progenitor cells

1PSC colonies were dissociated and resuspended in DMEM/F12 medium supplemented with
N2 (Invitrogen), B27 (Invitrogen) and BSA (1 mg/mL), Y27632 (10 mM; AdooQ Bioscience),
SB431542 (10 mM; Selleckchem), and Noggin (200 ng/mL; GenScript) onto non-adherent plates
to form organoids. After 1 week of maintenance as organoids, the cells were dissociated and plated
on Matrigel- coated plates in DMEM/F12 supplemented with B27, bFGF (20 ng/mL), EGF (20
ng/mL), and laminin (1 mg/mL) for a further 7 days of differentiation, with the medium exchanged
every 3 days. Cells were assessed for NPC morphology and stained for markers of forebrain NPCs

(PAX6, SOX2, TUJ1) and OCTA4.

Differentiation of NPCs to post-mitotic neurons

Differentiation was initiated when NPCs reached 70% confluency. Medium was exchanged
for DMEM/F12 supplemented with B27, GDNF (2 mM, GenScript), BDNF(1 mM, GenScript),
and laminin (1 mg/mL). Cells were maintained in this medium, with half the medium exchanged

every 2 days until the cells achieved the desired developmental time point.
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Quantification of cell identities (immunocytochemistry)

ICC quantification of Nurrl (NR4A2), FOXA2, OTX2, and TH was performed using QuPath,
with data collected from 32 images for each analysis. For each image, cell areas were defined using
cell detection in the DAPI channel. The mean signal intensity (value between 0 and 255) within
the area defined by cell detection was recorded for each image. An overall average across the 16
images from each genotype was determined. Analyses for Nurrl and FOX2 in DA NPC involved
mean signal intensity measurements from 3,719 detected cells. The analysis for OTX2 in DA NPC
involved mean signal intensity measurements from 4,634 detected cells. The analysis for TH in

neurons involved mean signal intensity measurements from 13,271 detected cells.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at

https://doi.org/10.1016/j.stemcr.2021.06.003.
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Figure 1
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Figure 1. HPRTI knockout reduces the intensity of cell-fate markers in committed midbrain
dopaminergic neural progenitor cells

n = 2 independent iPSC-derived clones from one control individual, and 2 different KO editing
events from the same individual throughout this figure. Replicates are different clones and
independent analyses from the same cell line.

(A) ICC for dopaminergic markers Nurrl (NR4A2) and FOXA2 in HPRTI KO and control DA
NPCs. Scale bar represents 50 mm.

(B) ICC for dopaminergic marker OTX2 in HPRT1 KO and control DA NPCs. Scale bar represents
50 mm.

(C) Mean signal intensity per cell area from Nurrl ICC images, as measured in QuPath. Data are
derived from four separate cell lines (two control and two KO from a single individual). Eight
images were used per cell line. Significance is based on Student’s t test (***p < 0.001).

(D) Mean signal intensity per cell area from FOXA2 ICC images, as measured in QuPath. Data
are derived from four separate cell lines (two control and two KO from a single individual). Eight
images were used per cell line. Significance is based on Student’s t test (***p < 0.001).

(E) Mean signal intensity per cell area from OTX2 ICC images, as measured in QuPath. Data are
derived from four separate cell lines (two control and two KO from a single individual). Eight
images were used per cell line. Significance is based on Student’s t test (***p < 0.001).

(F) Western blots for dopaminergic markers in HPRT1 KO and control DA NPCs.

(G) ICC for Nestin and SOX1 in HPRT1 KO and control CN NPCs. Scale bar represents 50 mm.

(H) ICC for OCT4 and PAX6 in HPRTI KO and control CN NPCs. Scale bar represents 50 mm.

(I) Western blots for cortical markers in HPRT1 KO and control CN NPCs.
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Figure 2. HPRTI knockout leads to loss of cell identity and dopaminergic metabolites in
dopaminergic neurons

n = 2 independent iPSC-derived clones from one control individual, and 2 different KO editing
events from the same individual throughout this figure. Replicates are different clones and
independent analyses from the same cell line.

(A) ICC for the dopaminergic marker TH in HPRTI KO and control DA neurons. Scale bar
represents 50 mm.

(B) Mean signal intensity per cell area from TH ICC images, as measured in QuPath. Data are
derived from four separate cell lines (two control and two KO from a single individual). Eight
images were used per cell line. Significance is based on Student’s t test (***p < 0.001).

(C) Western blots for dopaminergic markers in HPRT1 KO and control DA neurons.

(D) Diagram of dopamine metabolism.

(E-G) HPLC measurements of dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), and
homovanillic acid (HVA) in day 25 and day 80 HPRTI KO and control neurons. Significance is
based on Student’s t test comparing HPRT KO to control cells at matched time points (*p < 0.05,

**p <0.01). n =4 separate cell lines with four replicates used per cell line for 16 total data points.
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Figure 3
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Figure 3. HPRTI knockout depletes purine metabolites in midbrain and cortical neural
progenitor cells

n = 2 independent iPSC-derived clones from one control individual, and 2 different KO editing
events from the same individual throughout this figure. Replicates are different clones and
independent analyses from the same cell line.

(A) Diagram of purine metabolism.

(B and C) HPLC measurements for purine metabolites in iPSCs, cortical NPCs, and dopaminergic
NPCs in HPRTI KO and isogenic controls. Significance is based on Student’s t test comparing
HPRTI KO to control cell within each cell type. Six to eight replicates were used for each cell line

(*p <0.05, **p <0.01, ***p <0.001; n.s., not significant; n.d., not detected).

62



Figure 4
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Figure 4. Differential effects of HPRT1 knockout on glycolysis, oxidative phosphorylation,
and glucose utilization in midbrain and cortical NPCs

n = 2 independent iPSC-derived clones from one control individual, and 2 different KO editing
events from the same individual throughout this figure, except where indicated. Replicates are
different clones and independent analyses from the same cell line.

(A) Diagram showing possible destinations of glucose of metabolites.

(B) Glycolysis measurements made via a Seahorse measurement of extracellular acidification.
Graphs on the right summarize the data displayed on the left. Significance is based on a one-way
ANOVA (*p <0.05, ***p < 0.001). n = 4 separate cell lines with at least three or four replicates
per line. 2-DG, 2-deoxyglucose.

(C) Oxidative phosphorylation measurements made via a Seahorse measurement of oxygen
consumption. Bar graphs on the right summarize the data displayed on the left. Significance is
based on a one-way ANOVA (**p <0.01, ***p <0.001). n = 4 separate cell lines with three or
four replicates per line. FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone.

(D) HPLC measurements of metabolites in the PPP and glycolytic pathways measured in HPRT1
KO and isogenic control DA NPCs. n = 2 cell lines (one control and one KO) and three or four
replicates per line. Significance is based on Student’s t test (***p < 0.001).

(E) C13 levels of metabolites in HPRT1 KO and isogenic control DA NPCs 2 h after being exposed
to C13 glucose. n = 2 cell lines (one control and one KO) with three or four replicates per line.

Significance is based on Student’s t test (*p < 0.05, **p <0.01, ***p <0.001).
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Figure 5
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Figure 5. HPRTI knockout leads to decreased mTORCT1 activity in midbrain NPCs, but not
in cortical NPCs or iPSCs

n = 2 independent iPSC-derived clones from one control individual, and 2 different KO editing
events from the same individual hroughout this figure. Replicates are different clones and
independent analyses from the same cell line.

(A) Diagram illustrating how a decrease in HPRT activity relates to mTORCI activity and
autophagy.

(B) Western blots showing markers of mTORCI1 activity in HPRTI KO and isogenic control
1PSCs, CN NPCs, and DA NPCs. Two replicates per cell line.

(C) Western blot of LC3-1 and LC3-II levels in control and isogenic HPRT1 KO DA NPCs when
exposed to 8 h of serum starvation and/or 10 nM bafilomycin A. One replicate per cell line.

(D) Western blot quantification for the ratio of p240/244-S6 to total S6 normalized to GAPDH for
blots shown in Figure S4D. Three replicates per cell line (**p <0.01).

(E) Stain-Free gel and SUnSET blot of HPRT1 KO and isogenic control DA NPCs following 2 h

of exposure to 10 mM puromycin. One replicate per cell line.
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Figure 6
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Figure 6. LNV and LND cases reveal significant relationships between enzyme activity,
OXPHOS potential, and dopaminergic marker expression in NPCs and neurons

All data are derived from four controls, five LNV subjects, and three LND subjects throughout
this figure (n = 12 cell lines from 12 different people).

(A) Diagram illustrating the process of generating dopaminergic cells from four control, five LNV,
and three LND subjects.

(B) HPLC measurements of metabolites from the patient cohort. Significance is based on Student’s
t test comparing LND and LNV patient cohorts to controls (*p < 0.05, **p < 0.01, ***p <0.001).
Three or four replicates per cell line.

(C) Oxidative phosphorylation measurements made via Seahorse for control, LND, and LNV
dopaminergic NPC lines. Oxygen consumption rate was measured as the drugs indicated on the
dashed lines were applied in succession over 12.5 min intervals. Three or four replicates per cell
line.

(D) Scatterplot showing the relationship between HPRT activity in DA NPCs and the level of ATP
production, basal respiration, and maximal respiration. Parameters were calculated using the data
displayed in (C) and color coded based on patient cohort. Curves were generated based on a line
of best fit based on an equation for one-phase decay. The p values represent relative likelihood of
a one-phase exponential decay versus a linear relationship, calculated using the Akaike
information criterion.

(E) Bar graphs summarizing key parameters from the OXPHOS data displayed in (D) by patient
cohort. Significance is based on Student’s t test comparing LND and LNV patient cohorts to

controls (*p < 0.05, **p <0.01).
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(F) Western blot of control, LNV, and LND patient dopaminergic NPCs probed for dopaminergic
and mTORCI activity markers. All cell lines were lysed 24 = 1 h after last medium exchange.
(G) Non-linear regression of protein expression data shown in (E). Curves were generated based
on a line of best fit based on an equation for one-phase decay. The p values represent relative
likelihood of a one-phase exponential decay versus a linear relationship, calculated using the
Akaike information criterion.

(H) Western blot of control, LNV, and LND patient dopaminergic D15 neurons probed for
dopaminergic and mTORCI1 activity markers.

(I) Non-linear regression of protein expression data shown in (H). Curves were generated based
on a line of best fit based on an equation for one-phase decay, for GLI2 and RHEB, and a linear
line of best fit for TH and pULK/total ULK. The p values represent relative likelihood of a one-
phase exponential decay versus a linear relationship, calculated using the Akaike information

criterion.
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Chapter 4: General Discussion

The findings presented in “Lesch-Nyhan disease causes impaired energy metabolism and
reduced developmental potential in midbrain dopaminergic cells”, published in Stem Cell Reports
and reproduced as herein as Chapter 3, represent progress toward a complete mechanistic
understanding of the link between mutations in HPRT1 and the severe and consequential reduction
of dopamine in the brains of individuals with Lesch-Nyhan disease.

The section titled “Objectives and Hypothesis™ at the end of Chapter 1 outlined three central
questions for the research to address:

4. When in neurodevelopment, modelled in vitro, do cells with HPRT deficiency begin to
show effects of loss of HPRT and which cell lineages are affected?

5. Is there a pre-existing property of those affected cell lineages that caused them to be
vulnerable to HPRT deficiency when related neural cell lineages are not affected?

6. Concerning the cell lineages which do show effects of HPRT loss, what is occurring
in those cells as a result of HPRT deficiency that could explain reduced dopamine in
the brain?

In response to the first question, ICC revealed that neither iPSC, CN NPC, nor CN neuron
marker expression was affected by loss of HPRT. In contrast, DA NPC and DA neuron markers
were expressed at significantly lower levels. This was in alignment with previous studies’
observations of reduced dopamine output in the brains of patients with Lesch-Nyhan disease.

Addressing to the second question, experimentation revealed that control DA NPCs are more
metabolically active than control CN NPCs, despite similar morphology. HPLC data indicated that
control DA NPCs contained greater than 1.5 times the amount of ATP measured in CN NPC, with

directionally similar findings seen for other purine metabolites. Seahorse data corroborated this,
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with control DA NPC metrics of glycolysis and ATP production nearly double those of control
CN NPC. This high baseline metabolic rate for normal DA NPCs indicates a greater need for
energy and suggests a distinct vulnerability in the event of an energy crisis. This finding was a
highlight of the research as it contradicts conventional thinking that the high metabolic rate seen
in DA neurons is a result of highly arborized morphology and pacemaker activity (Pacelli et al.
2015).

In response to the third question, several effects of HPRT deficiency were seen in DA NPC
that may contribute to impaired differentiation of DA neurons and therefore reduced dopamine
output. HPLC revealed an increase in de novo purine synthesis. Western blot showed decreased
mtTORCI1 activation and a resulting increase in autophagy. Seahorse assays identified a reduction
in measurements of glycolysis and oxidative phosphorylation.

The central hypothesis to this investigation — that the dopaminergic lineage of cells in the
developing brain is especially vulnerable to the loss of purine salvage caused by HPRT deficiency
and as a result does not yield fully functional dopaminergic neurons — was supported by the
findings; however, there remains more to uncover in order to link the effects of HPRT deficiency
and impaired differentiation of DA neurons.

There is a possibility that normal expression of DA markers and differentiation to functional
DA neurons is impaired by the activation of a stem cell-like expression profile at the DA NPC
stage. This stem-like expression profile may be activated by the unique effects of HPRT deficiency
observed in DA NPCs, including increased de novo purine synthesis, increased autophagy, reduced
mTORCI activation, and reduced oxidative phosphorylation. The following paragraphs elaborate

on the idea that the unique effects of HPRT deficiency observed in DA NPCs have the potential to
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activate a stem-like expression profile with support from existing literature, and offers possible
means of further investigating this possibility.

Though morphologically normal, HPRT-deficient DA NPCs did exhibit significantly less cell
death than control DA NPCs, as measured by a TUNEL assay described in Chapter 2 and stated
in Chapter 3. This reduction in observed cell death in cells lacking HPRT may suggest that the
cells are in a more proliferative state than the control cells to which they are being compared. A
key feature of stem cells is that they must be able to continually proliferate to be able to produce
daughter cells. Differentiation away from the stem cell state is associated with reduced ability to
proliferate(Liu et al. 2019). It is therefore possible that the reduced cell death in cells lacking HPRT
is a behaviour indicative of a more stem-like state.

Another feature of proliferating cells compared to differentiated cells that is discussed in the
literature is a preference for de novo purine synthesis over purine salvage (Villa et al. 2019) for
the generation of purines. It may be that the increased de novo purine synthesis activity observed
in DA NPC as a response to HPRT deficiency is supporting stem-like gene expression and activity
in the cell. This may be via a mechanism that senses increased output or consumption of key
metabolites and drives a stem-like gene expression profile in response. The promotion of stemness
by de novo purine synthesis has already been shown in cancer cells (Lv et al. 2020). Similarly,
1PSCs have been found to show higher levels of autophagy (Sotthibundhu et al. 2016), which is
also a feature of HPRT-deficient DA NPCs presented as part of this thesis and described in Chapter
3. This possibility could be investigated control DA NPC by increasing de novo purine synthesis
pharmacologically or perhaps by artificially increasing expression of genes involved in de novo
purine synthesis. The hypothesis would be supported if the intervention were observed to increase

stem-like behaviour or expression of genes associated with a stem-like state.
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Moreover, it has been discovered that, in a key step during reprogramming to induced
pluripotent stem cells, somatic cells go through a metabolic shift away from dependence on
oxidative phosphorylation for energy production(Ishida et al. 2020). This behaviour of stem cells
not to use oxidative phosphorylation for energy has been found to be essential for maintenance of
stem cell properties and is referred to in studies of cancer as the Warburg effect (Ishida et al. 2020).
In the case of Lesch-Nyhan disease, it may be that the loss of oxidative phosphorylation seen in
HPRT-deficient DA NPCs as shown in this thesis may help drive a more stem-like gene expression
profile. This may occur via a mechanism similar to the aforementioned metabolic shift away from
dependence on oxidative phosphorylation for energy production that occurs during reprogramming
by biologists of somatic cells to iPSCs.

Lastly, another possible mechanism by which HPRT deficiency could trigger a more stem-
like expression profile may involve the reduction of mTORCI activity in HPRT-deficient DA
NPCs identified and discussed in Chapter 3. It may be that the reduction in mTORCI activity
triggered by the prolonged deficit of purines in cells lacking HPRT triggers the expression of key
stem cell genes. It has already been shown in published literature that blockade of mTOR can drive
an increase in the presence of the protein c-MYC (Shepherd et al. 2013), a highly-expressed,
central regulatory protein in stem cells and one of the four Yamanaka stem cell factors (Takahashi
et al. 2007). One could investigate this idea with control DA NPCs using rapamycin, an inhibitor
of mTORCI. If the treatment of DA NPCs with rapamycin reduced mTORCI activity and
subsequently triggered the expression of stem cell genes, it would indicate that HPRT deficiency

could trigger a more stem-like expression profile due to its effects on mTORCI1 activation
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Chapter 5: Conclusions and Future Directions

In conclusion, study of control, HPRTI knockout, and patient-derived cells, cultured as iPSC,
NPC, and neuron, revealed consistent negative effects of HPRT deficiency on energy metabolism,
mTORCI activation, and developmental potential in the midbrain dopaminergic lineage. The
extent of these effects is predicted by the magnitude of HPRT deficiency. The cell type specificity
of the effect may result from the heightened energy state observed not only in DA neurons, but
also in the DA NPCs which precede them. This knowledge may one day prove useful in the
development of better treatments for those suffering the devastating consequences of Lesch-Nyhan
disease.

Future research should focus on characterizing the expression patterns of stem cell markers
in DA NPCs lacking functional HPRT. It would also be important to assess possible causal
relationships between stem cell protein expression and the above findings, including elevated de

novo purine synthesis, reduced oxidative phosphorylation, and impaired activation of mTORCI.
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