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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 develop-
mental 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 mTORC1 activation. These data demonstrate dopaminergic-specific effects of purine salvage deficiency and unex-
pectedly reveal that dopaminergic progenitor cells are programmed to a high-energy state prior to higher energy demands of terminally

differentiated cells.

INTRODUCTION

Lesch-Nyhan disease (LND) is a rare genetic condition char-
acterized 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 mono-
phosphate (GMP) or inosine monophosphate (IMP),
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 hyper-
uricemia and neurological dysfunction but no self-injury

L) Stem Cell Reports | Vol. 16 | 1749—1762 | July 13, 2021 | © 2021 The Authors.
i This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

(>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 ner-
vous 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 neuro-
logical changes that underpinned its most dramatic symp-
toms (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.

Beyond the genetic mutations in HPRT1, the pathogenesis
of LND remains unknown, although there exist clinical,
human neuroanatomical, and mouse knockout (KO)
studies suggesting midbrain dopaminergic cell involvement.
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Positron emission tomography imaging and postmortem
brain studies have indicated that the brains of LND patients
are broadly normal, but show significantly reduced dopa-
mine 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 corre-
late; 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 dopami-
nergic 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 recap-
ture 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 Hprt1 KO
studies have shown little to no behavioral phenotype,
but significant decreases in DA levels in the midbrain (Jin-
nah, 2009).

Cells produce purines by synthesizing them de novo or by
recycling breakdown products, the latter of which is depen-
dent 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 Benkovic, 2017) to become S-carbon pentose sugars
such as ribose-5-phosphate (RSP) (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 reac-
tions requiring inputs such as glutamine, ATP, and folate de-
rivatives (Moffatt and Ashihara, 2002), and generates
several intermediate products such as 5-aminoimidazole-
4-carboxamide ribonucleotide (AICAR). The final product
of the de novo purine synthesis pathway, IMP, is readily con-
verted 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).
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Cells have different energy sensors to cope with chang-
ing 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 com-
plex) axis is a signaling pathway that can integrate growth
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
mTORCI1 is the TSC1/2 complex, which inhibits the activa-
tion of the mTORCI1 activator RHEB (Hoxhaj et al., 2017).
RHEB is a purine sensor; a loss of purines depletes RHEB,
reducing mTORC1 activation (Emmanuel et al., 2017).

mTORC1 is associated with cell differentiation and pro-
motes cell maturation. Engineered mutations in the Mtor
gene cause embryonic lethality in mice (Murakami et al.,
2004), and selective deletion in brain causes major brain al-
terations (Garza-Lomb6 and Gonsebatt, 2016; Ka et al.,
2014), including deficits in progenitor cell self-renewal.
Across other cell types, induced mutations impairing
mTORC1 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 mTORC1 activation. These effects may
drive developmental loss of expression in critical genes
such as FOXA1/2 needed for dopaminergic cell terminal
differentiation.

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 HPRT1 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 sepa-
rate 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 >10 Mb. Next, we
simultaneously differentiated each iPSC line indepen-
dently to distinct populations of midbrain DAergic
(DA) and forebrain cortical (CN) neural progenitor cells
(NPCs), using gold standard assays that we have previ-
ously 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
iPSCs. 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 FOXA2 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). 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 po-
tential trains (Figure S2F). Direct immunocytochemical
comparison of both CN and DA NPCs made simulta-
neously for both HPRT1 KO and isogenic controls re-
vealed unambiguous decreases in intensity of all DA
markers in HPRT1 KOs, although all markers were de-
tected in almost all cells (Figures 1A-1E). Quantification
by western blot and using an expanded range of markers
further supported this finding (Figure 1F; FOXA1, 73% =+
11% [p = 0.0098] decrease; FOXA2, 76% + 8.6% [p =
0.0074] decrease; LMX1A, 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 HPRT1 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 program-
ming 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 ex-
pressed in more mature DA neurons. We differentiated DA
NPCs for 30 days and performed immunocytochemistry
(ICC) against TH and the mature neuronal stain TU]J1 (Fig-
ure 2A). An 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 =
0.00267], FOXA2, down 73% =+ 9.6% [p = 0.0051], and
LMX1A, 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 HPRT1 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 dif-
ferentiation from DA NPCs (Figures 2D-2G). We found sig-
nificant decreases in dopamine and derivatives of dopa-
mine in HPRT1 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 ul-
timately lead to a lack of purine derivatives, including ATP
and GTP (Figure 3A). To assess and compare the direct ef-
fects of 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 iPSCs, where HPRT is detectable; however, we cannot
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Figure 1. HPRT1 knockout reduces the in-
tensity 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.
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(B) ICC for dopaminergic marker OTX2 in
HPRT1 KO and control DA NPCs. Scale bar
represents 50 pum.

(C) Mean signal intensity per cell area from
Nurrl ICC images, as measured in QuPath.
Data are derived from four separate cell lines
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rule out increased hypoxanthine excretion to the cell cul-
ture medium, as has been reported in stem cells (Sutcliffe
et al., 2021). With respect to adenosine and guanosine de-
rivatives, we observed decreased levels of almost all me-
tabolites in HPRT-deficient NPCs, with consistently
higher levels detected in DA cells than in CN, even inde-
pendent 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 HPRT1 was deleted, consistent with hypoxanthine
concentrations. These data provide evidence that DA pro-

1752 Stem Cell Reports | Vol. 16 | 1749-1762 | July 13,2021

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 um.
(H) ICC for OCT4 and PAX6 in HPRT1 KO and
control CN NPCs. Scale bar represents 50 pum.
(I) Western blots for cortical markers in
HPRT1 KO and control CN NPCs.

genitors, morphologically indistinguishable from CN pro-
genitors, have higher metabolic rates than forebrain cells,
given higher baseline levels of adenine and guanine deriv-
atives, even in healthy cells. This is surprising because
midbrain DA cells are thought to have higher metabolic
rates, due to pacemaker activity, and extensive connectiv-
ity (Mamelak, 2018; Pacelli et al., 2015), which are prop-
erties 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.
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Figure 2. HPRT1 knockout leads to loss of
cell identity and dopaminergic metabo-
lites 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
HPRT1 KO and control DA neurons. Scale bar
represents 50 pm.

(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 indi-
vidual). 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 neu-
rons. Significance is based on Student’s
t test comparing HPRTI KO to control

HVA

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.

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 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 meta-
bolically active than control DA NPCs, and that HPRT1 de-
fects 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 TOMM20
expression, which is used as a marker of mitochondria, in
DA NPCs and found no qualitative differences between
HPRTI 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 R5P and PRPP and AICAR, an interme-
diate product in de novo purine synthesis (Figure 4D). We
also assessed AMP 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 previ-
ous results. This supports a hypothesis where glucose is
shunted to a S-carbon sugar to make purines, possibly at
the expense of glycolysis and OXPHOS. Glucose can
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Figure 3. HPRT1 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 inde-
pendent 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 HPRT1 KO and isogenic
controls. Significance is based on Student’s t test comparing HPRT1
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).

also be utilized to create glycoproteins via the glycosyla-
tion 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 '*C-glucose medium for 4 h before ex-
tracting metabolites. This allows tracking of any metabo-
lites that incorporate '*C. We found increased *C in
the RSP, PRPP, and AICAR metabolite pools in HPRT-defi-
cient DA NPCs compared with control DA NPCs (Fig-
ure 4E). HPRT-deficient DA NPCs also had less '*C-con-
taining lactate than isogenic control DA NPCs, a
measure of glycolysis (Figure 4E). Finally, we found that
levels of '*C in AMP and IMP were increased in HPRT-defi-
cient DA NPCs compared with isogenic controls, suggest-
ing 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 suf-
ficient to restore purine levels to baseline conditions (Fig-
ures 2D and 2E).
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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 mTORC1 (Figure 5A). HPRT
deficiency strongly reduced RHEB levels in DA 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 mTORC1 as a result, possibly due to higher energy
demands in DA NPCs. To test this, we selected two output
markers of mTORC1 activity, ULK1 and RPS6, both of
which are commonly used to monitor mTORC1 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 mTORC1 (Chan et al.,
2009). Because of the association between mTORC1, 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 mTORC1 activation leads to less p757-ULK1, and phos-
phorylation of this site removes the brake on autophagy,
we wanted to confirm that autophagy was increased with
areal-time autophagy assay, involving starvation and auto-
phagosome 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 auto-
phagosome 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 mTORC1 activity.

Ribosomal protein S6 is downstream of mTORC1 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 signif-
icant drop in 240/244 phosphorylation in DA NPCs, but
not in CN NPCs (Figures 5D and $4D). These data support
the idea that mTORCI1 is less active when HPRT is deficient
in DA NPCs. Ribosomal protein S6 is associated with pro-
tein synthesis of particular mRNAs (Meyuhas, 2015), so
we attempted a real-time protein synthesis assay using
the SUNSET assay (Schmidt et al., 2009). HPRT1 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 auto-
phagy via the decreases in p757-ULK1. Autophagy is re-
ported to affect cilia, a signaling organelle for SHH required



Figure 4. Differential effects of HPRT1
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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 theo-
retically possible that autophagy affects DA cell develop-
ment by influencing cilia length and frequency. To test
this hypothesis, we measured cilia length and occurrence
throughout the development of iPSCs into DA NPCs (Fig-
ure S5A) by visualizing cilia using combined IFT88 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 develop-
mental time point assessed (Figures S5C and S5D). These
data suggest cilia dynamics are normal during differentia-
tion 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
mTORC1 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 propor-
tional decreases in ATP and AMP (Figure S6B, derived
from data in Figure 3B), which might suggest that AMPK
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is not activated, even in the case of the severe loss of ATP in
HPRT deficiency. That said, exogenously applied AICAR,
which is 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--D-ribofurano-
sylimidazole-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
S6C-S6E). We found no difference in AMPK or RAPTOR
phosphorylation states, meaning that AMPK does not
affect energy deficits via mTORC1 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 HPRT1 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 fibro-
blast cell lines were reprogrammed to iPSCs simultaneously
and then immediately differentiated to dopaminergic
NPCs and neurons, when they were evaluated for meta-
bolic effects and markers of dopaminergic fate.
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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 sub-
jects and controls, accordant with the level of HPRT enzy-
matic activity but in a non-linear relationship (Figures
6C-6E). Finally, we found reduced protein levels of DA
NPC markers and mTORC1 outputs in LND 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 rela-
tionship, suggesting that most of the effect of HPRT defi-
ciency 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
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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

(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.

(legend continued on next page)
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performed Western blot for mTORC1 and DA markers in
neurons (Figure 6H) and plotted these against HPRT enzy-
matic activity (Figure 61). 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
mTORC1 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.

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 syn-
thesis 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 meta-
bolism, which can be obscured in cells without high-en-
ergy 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 prob-
able that the programming of this metabolic activity may
allow for the development of the energy-intensive pro-
cesses 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 de-
tected no changes in glycosylation levels, which suggests
that that system likely remains intact. Our *C tracer exper-
iments reveal that there are more purines being produced
in HPRT-deficient DA cells, but that this level is not suffi-
cient 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 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 signif-
icantly 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 mTORC1
cannot be fully activated, which may be important to drive
DA cell differentiation. For example, in pancreatic cells
mTORC1 is dispensable for a cell development but is essen-
tial for o cell maturation (Bozadjieva et al., 2017), which is
driven by mTORC1 via FOXA2 and transcription of ABCC8
(Surl) and KCNJ11 (Kir6.2), all of which are also markers of
dopaminergic cells of the midbrain (Osborn and Hallett,

(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 0XPHOS 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).

(F) Western blot of control, LNV, and LND patient dopaminergic NPCs probed for dopaminergic and mTORC1 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 mTORC1 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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2017). These data suggest that mTORCI1 activation is
important for cell differentiation and activation of
FOXA2, and also that mTORC1 has a role in midbrain
dopaminergic cells, although we cannot rule out mTORC1
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 associa-
tion between purine salvage and midbrain cell develop-
ment. 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 (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 post-
mortem LND brains (Gottle 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.

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 HPRT1 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 trans-
fection reaction, and transfection was carried out using the param-
eters 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 Matrigel-
coated plates in 10% FBS DMEM supplemented with 2 pg/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 us-
ing episomal reprogramming vectors containing Oct4, Sox2,
Myc3/4, KIf4, ShRNA P53 (ALSTEM), and a puromycin-resistance
gene using the Neon transfection system (Invitrogen). Following
transfection, the cells were plated on tissue culture plates coated
with Matrigel (Corning) in TesR-E7 medium (STEMCELL Technol-
ogies) supplemented with 2 pg/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 pro-
liferate the colonies.

Induction of iPSCs to neural progenitor cells

iPSC colonies were dissociated and resuspended in DMEM/F12 me-
dium supplemented with N2 (Invitrogen), B27 (Invitrogen) and
BSA (1 mg/mL), Y27632 (10 pM; AdooQ Bioscience), SB431542
(10 mM; Selleckchem), and Noggin (200 ng/mL; GenScript) onto
non-adherent plates to form organoids. After 1 week of mainte-
nance as organoids, the cells were dissociated and plated on Matri-
gel-coated plates in DMEM/F12 supplemented with B27, bFGF
(20 ng/mL), EGF (20 ng/mL), and laminin (1 pg/mL) for a further
7 days of differentiation, with the medium exchanged every
3 days. Cells were assessed for NPC morphology and stained for
marKkers of forebrain NPCs (PAX6, SOX2, TUJ1) and OCT4.

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 uM, GenScript), BDNF(1 pM, GenScript), and laminin
(1 pg/mL). Cells were maintained in this medium, with half the
medium exchanged every 2 days until the cells achieved the
desired developmental time point.

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
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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 inten-
sity 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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