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Decreased brain levels of coenzyme Q,, (CoQ,,), an endogenously synthesized
lipophilic antioxidant'?, underpin encephalopathy in primary CoQ,, deficiencies**

and are associated with common neurodegenerative diseases and the ageing process®®.
CoQ,osupplementation does not increase CoQ,, poolsinthe brain orin other tissues.
Therecent discovery of the mammalian CoQ,, headgroup synthesis pathway, in which
4-hydroxyphenylpyruvate dioxygenase-like protein (HPDL) makes 4-hydroxymandelate
(4-HMA) to synthesize the CoQ,, headgroup precursor 4-hydroxybenzoate (4-HB)’,
offers an opportunity to pharmacologically restore CoQ,, synthesis and mechanistically
treat CoQ,, deficiencies. To test whether 4-HMA or 4-HB supplementation promoted
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CoQ,, headgroup synthesisin vivo, here we administered 4-HMA and 4-HB to Hpd[”~
mice, which model an ultra-rare, lethal mitochondrial encephalopathy in humans.
Both 4-HMA and 4-HB are incorporated into CoQ, and CoQ,, in the brains of Hpdl™"
mice. Oral treatment of Hpdl” pups with 4-HMA or 4-HB enables 90-100% of Hpdl™”~
mice tolive to adulthood. Furthermore, 4-HB treatment stabilizes and improves the
neurological symptoms of a patient with progressive spasticity due to biallelic HPDL
variants. Our work shows that 4-HMA and 4-HB can modify the course of mitochondrial
encephalopathy driven by HPDL variants and demonstrates that CoQ,, headgroup
intermediates can restore CoQ,, synthesisin vivo.

Many common diseases are associated with decreased tissue CoQ,,
levels®. Furthermore, some pharmaceuticals, such as statins, reduce
CoQy levels, resulting in statin-associated muscle symptoms’. The
perceivedrole of decreased tissue CoQ,,in diseases has fuelled along-
standing desire to replete tissue CoQ,, pools'. However, CoQ,, pools
are refractory to pharmacological augmentation, particularly in
the central nervous system, owing to the poor bioavailability™* of
CoQ,o. New therapeutic approaches are needed to address the limita-
tions of CoQ,, supplementation or to promote endogenous CoQ,,
synthesis.

A potential avenue of enabling CoQ,, synthesis in vivo is our recent
discovery of the mammalian CoQ,, headgroup synthesis pathway’, in
which HPDL catalyses the synthesis of 4-HMA, which generates 4-HB,
the immediate precursor of the CoQ,, headgroup®*® (Fig. 1a). Both
4-HMA and 4-HB are small molecules (<200 Da) that are readily taken
up by cells and are efficiently incorporated into CoQ,,. Our work, and
recent research showing that high doses of 4-HB rescue the survival of
mice with hypomorphic Cog2 (Cog2**?")*, indicates that 4-HMA and

4-HB might enable mammalian CoQ,, synthesis in patients with deficits
in the CoQ,, headgroup synthesis pathway, providing a therapeutic
strategy for patients with CoQ,, deficiencies.

To investigate this hypothesis, we tested whether 4-HMA and 4-HB
couldbe usedto treat Hpdl”" mice, which robustly model neurodevel-
opmental disorder with progressive spasticity and brain white mat-
ter abnormalities (NEDSWMA)" 2, an ultra-rare lethal primary CoQ,,
deficiency caused by HPDL variants that presents with severe neurode-
velopmental symptoms. Hpdl” mice develop movements consistent
with spastic paresis and epileptic seizures and die by postnatal day 15
(P15)*. Here we show that treatment with 4-HMA or 4-HB restores CoQ
biosynthesis in the brains of Hpdl”~ mice and demonstrate rescue of
Hpd[” mice by supplementation with CoQ,, headgroup intermedi-
ates. We also show that 4-HB treatment improves neurological symp-
toms and modifies the clinical course of a patient with HPDL variants.
Restoration of brain CoQ,, synthesis with CoQ,, headgroup interme-
diates might alleviate the neurological symptoms of primary CoQ,,
deficiencies and diseases associated with low tissue CoQ,, pools.
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Fig.1|CoQheadgroup intermediatesimprove Hpdl” mouse survival and
areincorporatedintobrain CoQ,. a, The mammalian CoQ headgroup synthesis
pathway. Left, tyrosine is deaminated to 4-hydroxyphenylpyruvate (4-HPPA).
HPDL converts4-HPPAto4-HMA, whichgenerates 4-HB. Right, supplementation
of 4-HMA or 4-HB compensates for loss of HPDL activity. The carbon atoms from
4-HMA or 4-HB that enter the CoQ headgroup are highlightedinred. b, Hpdl”"
pupsdieby P15. Hpdl** and Hpdl"" pups survive for more than one year.

¢, Hpdl”~ pups (n = 6) have lower plasma 4-HMA than Hpd[”* (n = 6) or Hpdl""
(n=8)pupsonP10.Dataare mean +s.d.d, Oral supplementation of 4-HMA and
4-HB (10 mg kg™ per day) improves the overall survival of Hpdl” pups. CoQ,,
CoQ,oand related compounds do notimprove Hpdl” pup survival. Treatment
with4-HMA and 4-HB was carried out until P30. 4-HMA-treated pups began
treatment on P3-P5except for three thatbegan on P6 and one thatbegan on P7.
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4-HB-treated pups began treatment on P3-P5. e, Schematic of *Cincorporation
from3C4-4-HMA and C4-4-HB into CoQ,, increasing the mass of CoQ, by 6 Da
(mé).f, Fractional labelling of brain CoQ, in mice fed *C4-4-HMA and *C¢-4-HB
(10 mg kg™ once daily) from P3to P20. Both *C¢-4-HMA and *C4-4-HB are
incorporated into *C,-CoQ, (mé6) in Hpdl”” mice. Dataare mean £ s.d. ®C,-
4-HMA: Hpd[”*n=3,Hpdl"" n=6 and Hpdl” treated n=5."*C4-4-HB: Hpdl" n=3,
Hpdl”" n=4and Hpdl”" treated n=3. Hpdl”" untreated n=3.CoQ,and CoQ,,
datafrom Hpdl”" untreated mice were obtained in the 4-HMA experiment and
are presentedinafadedshade of colourinthe 4-HB experiment for ease of
interpretation Significance was tested by two-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. Pvalues < 0.05 are presented on each plot.
Survival datawere analysed with the log-rank test.



4-HMA and 4-HB can treat Hpdl” pups

Aspreviously described?, Hpdl” pups do not gain weight as quickly as
do HpdI”* pups after birth, develop seizures (Extended Data Fig. 1a,b
and Supplementary Video 1) and die by P15 (Fig. 1b). HpdI”~ pups have
lower plasma 4-HMA concentrations than do Hpd[”* or Hpdl"" pups
(Fig. 1c) and a higher plasma lactate:pyruvate ratio (Extended Data
Fig.1c).

We hypothesized that treatment of Hpdl” pups with the CoQ,, head-
group intermediates 4-HMA or 4-HB would improve the neurological
symptoms of Hpdl”" mice.4-HMA and 4-HB are orally bioavailable with
half-lives of 2.8 h and 0.35 h, respectively (Extended Data Fig. 1d and
Supplementary Table 1) and neither compoundinducesinflammation
or necrosis in the brain, heart, lungs, liver, kidneys or spleen of mice
at single doses of 500 mg kg™ or at a dose of 500 mg kg™ per day for
3 months (Extended Data Fig. 1e). 4-HMA was detected in the plasma
of 4-HMA-treated Hpd!l”" pups on P10 (Extended Data Fig. 1f).

Hpd!l” pups treated orally with 4-HMA or 4-HB at a minimum of
10 mg kg™ once daily starting on P3 or P7 gained weight and had
improved mobility (Extended Data Fig. 1a,g, Supplementary Table 2
and Supplementary Video 2). Hpdl” pups treated on P10 did not sur-
vive (Extended Data Fig. 1h). After weaning, we treated HpdI”" pups
with 10 mg kg™ 4-HMA or 4-HB per day in their drinking water and
discontinued 4-HMA or 4-HB treatment on P30. Most HpdI”" pups
treated with 4-HMA or 4-HB lived for 18 months or more (Fig. 1d).
By contrast, Hpdl”~ pups treated orally with CoQ,, CoQ,,, the CoQ
analogue idebenone or the mitochondrially targeted antioxidant
MitoTEMPO?**% did not survive (Fig. 1d). We conclude that 4-HMA
or 4-HB treatment extends the lifespan of Hpdl”” pups to the average
lifespan of amouse.

4-HMA and 4-HB restore CoQ synthesis

Totest whether 4-HMA and 4-HB crossed the blood-brain barrier and
wereincorporated into CoQ,, the predominant coenzyme Q speciesin
mice, and CoQ,o, whichis also found in mouse brain, we treated Hpd!*,
Hpdl”~and Hpdl” pups withC,-4-HMA and ®C,-4-HB, inwhich thering
carbons are labelled with ®*C, at 10 mg kg™ per day from P3 to P20. We
hypothesized that incorporation of all ring carbons from *C,-4-HMA
and ®C4-4-HB into CoQ, would result in *C,-CoQ, and *C4-CoQy,
(m6-CoQ,and m6-CoQ,, respectively; Fig.1e). In Hpdl™” pups, at least
50% of CoQ, and CoQ,, came from *C-4-HMA and C-4-HB (Fig. 1f).
Treatment with C,-4-HMA and *C4-4-HB also increased brain CoQ,
and CoQ,, poolsin Hpdl” pups (Extended Data Fig. 2a), albeit to levels
lower than those of Hpdl"* and Hpdl"~ mice?, and these lower CoQ
levels persisted after 4-HMA treatment was stopped (Extended Data
Fig.2b).4-HMA did notincrease CoQ,and CoQ,, levelsinthe brains of
P90 wild-type mice (Extended DataFig.2c). These data show that Hpd!
loss results in a primary CoQ deficiency in the brains of mice and that
orally administered *C4-4-HMA and *C,-4-HB enable CoQ,and CoQ,,
synthesis in the brain.

4-HMA improves histology of Hpdl’ pup brains

CoQyisessential for electron transport chainactivity and maintenance
of the mitochondrial membrane potential®. Cog8a™ mice develop
cerebellarataxiaand have abnormal cerebellar mitochondrial morphol-
ogy”. Moreover, primary CoQ,, deficiencies are a cause of cerebellar
ataxiain patients®’. Therefore, we examined cerebellar mitochondrial
morphology and cerebellar morphology in Hpdl”" pups. Electron
microscopy revealed that mitochondriain the cerebella of P11 Hpdl™”
pups were smaller than those of Hpdl** or HpdI" control pups and that
mitochondria in the cerebella of Hpdl"” pups were smaller than those
of Hpdl'"* controls (Fig. 2a,b). 4-HMA increased cerebellar mitochon-
drial size in P11 Hpdl” pups, although not to the same size as those

of Hpd["* pups (Fig. 2a,b). P11 Hpdl”" pups had small cerebella, with a
thinner external granular layer, vacuolization and intracellular oedema
incerebellar Purkinje cells (PCs) and depletion of the internal granular
layer (Fig. 2c). Cerebellum size in Hpdl” pups was greatly reduced on
P6 (Extended Data Fig.3a-c), when these animals responded to 4-HMA
(Extended Data Fig. 1h). Cerebellar histology in P6 and P11 Hpdl” pups
andin P56-P57 mice wasrestored by 4-HMA supplementation (Fig.2c
and Extended Data Fig. 3a,h). Inmunohistochemical staining for cal-
bindin showed underdeveloped PC dendritic arbors in Hpdl” pups
on P11 (Extended Data Fig. 3e,f). 4-HMA treatment largely restored
PC dendritic arborization (Extended DataFig. 3e,f and Extended Data
Fig. 4a). Granule cell precursors in P11 Hpdl” pups had lower Ki-67
staining than did those in Hpd!l*”* pups (Extended DataFig. 3e,g).Ki-67
staining was restored by 4-HMA treatment (Extended Data Fig. 3e).
Similarly, the external granular layer thickness was reduced in Hpdl”~
pups on P11 compared with Hpd["* and Hpdl"" pups and was partially
restored with 4-HMA treatment (Extended Data Fig. 3e,g). To deter-
mine whether these changes were initiated before P11, we analysed
cerebellar morphology on P6. PAX6 staining revealed that granule
cells were depleted in the external and internal granular layers of P6
Hpdl” pups relative to Hpdl”* pups and was improved with 4-HMA
treatment (Extended Data Fig. 3b). Calbindin staining of the PCsin P6
Hpdl” pupsrevealed amultilayer without dendrites. 4-HMA treatment
resultedinasinglelayer of PCs with stunted dendrites (Extended Data
Fig.3b). The cerebella of P6 Hpdl” pups had higher TUNEL staining
indicating cell death, which decreased with 4-HMA treatment of Hpdl”
pups (Extended Data Fig.3b,d). 4-HMA increased cerebellar sizein P6
Hpdl” pups (Extended DataFig. 3a,c).

The cerebral cortex of P11 Hpdl” pups showed no major changesin
mitochondrial morphology (Extended Data Fig.4b) but subtle loss of
healthy cortical architecture (Extended DataFig. 4c). The hippocampus
was largely unremarkable (Extended Data Fig. 4d). However, TUNEL
staining was higher in the cortex, striatum and thalamus of P6 Hpdl”~
pups and treatment with4-HMA significantly decreased TUNEL staining
in the striatum (Extended Data Fig. 5a).

These findings indicate that part of the phenotype of Hpd!l” mice
involves cell deathassociated with adelay in cerebellar maturationand
increased cell deathin the cortex, striatum and thalamus. Interestingly,
metabolite-replacement therapy with 4-HMA, the metabolic product
of HPDL, largely reverted these abnormalities. Our data demonstrate
that4-HMA-dependent CoQ synthesisisimportant for brain develop-
ment andindicate that treatment with4-HMA or 4-HB duringinfancy or
childhood could improve the outcomes of patients with HPDL variants.

4-HMA improves Hpdl’ PC function

To test whether Hpdl loss affected mitochondrial electron transport
chain activity, we measured electron flow through complexes|, Iland
IV (Extended DataFig. 6a) in mitochondriaisolated from the brains of
P9 Hpdl”*, Hpdl"” and Hpdl”" pups and P9 Hpd[”" pups treated with
4-HMA. Consistent with loss of CoQ, electron flow through complexes|
andllwas reduced in mitochondriafrom Hpdl” pups and was improved
by 4-HMA treatment (Fig. 3a). There was a non-statistically signifi-
cant decrease in electron flow, rescued by 4-HMA, through complex
IV (Fig. 3a). We observed similar decreases in electron flow through
complexesland Il in mitochondria from the cortices of Hpdl”~ pups
(Extended DataFig. 6b). Mitochondriaisolated from the cortices and
cerebella of P90 HpdI” mice treated with 4-HMA from P3 to P30 had
electron flow through complexes|, Iland IV comparable to that of P90
HpdI"* and Hpd!l'" mice (Extended DataFig. 6¢). 4-HMA treatment did
not increase electron flow through complexes I, Il or IV in mitochon-
driaisolated from the cerebella of P12 Hpd[*"* pups (Extended Data
Fig. 6d). These data demonstrate thatloss of Hpd!attenuates electron
flow through isolated cortex and cerebellar mitochondria in Hpdl”~
pups, presumably because of decreased CoQ levels. 4-HMA treatment
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Fig.2|4-HMA supplementationimproves cerebellar histology in Hpdl”
mice. a, Representative electron micrographs of the cerebella of P11 Hpdl**,
Hpdl* and Hpdl”~ mouse pups reveal significant changes in cerebellar
mitochondrialmorphology. The mitochondria (marked by arrowheads) in
Hpd[”* and Hpdl"~ mouse pups are intact, whereas those in the cerebella of
Hpdl” mouse pups are fragmented. Supplementing Hpdl”" mice with10 mgkg"
4-HMA startingon P2-3 (Hpd![”" + 4-HMA) restores cerebellar mitochondrial
ultrastructure.Scalebars, 1 pum.b, Quantification of mitochondrial perimeter
inelectron micrographs of the cerebella of P11 Hpdl”*, Hpdl* and Hpdl”- mouse
pupsaswell as P11 Hpdl” mouse pups treated with 4-HMA. Mitochondriain the
Hpd[”~ mouse pups are smaller than those of the Hpd[** and Hpdl"" pups. 4-HMA

1

from P3 to P30 restores electron flow through complexes 1 and Il to
near-wild-type levels even on P90. These data indicate that there is a
CoQthreshold above which thereisa durable rescue of mitochondrial
electron flow, and that HPDL maintains CoQ pools above that threshold
during development.

PCsare thesole output of the cerebellar cortex and depend on high
metabolicactivity to sustain rapid, chronic firing. To determine whether
Hpdlloss affected the function of PCs, we manually patch-clamped PCs
in brain slices from HpdI”* and Hpd[”~ mice, as well as untreated and
4-HMA-treated Hpdl”" mice, in three age brackets: P8-10 pups (during
cerebellar development), P17-19 pups (after cerebellar maturation
was mostly completed)® and P56-57 pups (the age at which we did
our behavioural studies). The P17-19 and P56-57 groups did not have
untreated Hpd!”~ pups as these animals die by P15. In the P8-10 group,
PCs from Hpd[”~ mice had increased input resistance (R;) compared
with PCs from Hpd[*"* and Hpd["~ mice (Fig. 3b and Table 1), indicative
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treatmentincreases the size of the mitochondriain the Hpdl”" pups, although
not to the same size of mitochondriain Hpdl*"* pups.n =117 (Hpd[*"*),227
(Hpdl*"), 677 (Hpdl”") and 258 (Hpdl”~ + 4-HMA). ¢, P11 Hpdl” pups have
marked cerebellar atrophy with PCs (arrowheads) showing vacuolization and
intracellular oedema, thinning of the inner granular layer (IGL) and molecular
layer and compaction of the external granular layer (EGL). These abnormalities
areimproved to near-wild-type morphology by supplementation with 4-HMA
starting on P2-3 (Hpd[”~ + 4-HMA). Scale bars, 500 pm (top row); 125 pm (middle
row); 62.5 um (bottomrow). Raw dataand means areshown. Pvalues areindicated
oneachplot.Pvalues >0.05 are not shown. For b, significance was tested by
two-way ANOVA followed by Tukey’s post hoc test.

of fewer membrane ion channels. There was a significant reductionin
membrane capacitance (C,,) in Hpdl” PCs relative to Hpdl"~ PCs>*%,
indicative of smaller or less developed cells (Fig. 3b). These electro-
physiological deficits were partially restored by 4-HMA treatment such
that R; was comparable to that of PCs of Hpd[*~ mice and lower than
the R, of PCs from Hpd![** mice (Fig. 3b). Moreover, the C,,of PCs from
4-HMA-treated Hpdl”~ mice significantly increased relative to that of
PCsfrom HpdI” mice and was higher than that of PCs from Hpd[** and
HpdI”~ mice (Fig.3b). By P17-19 or P56-57, no differences were observed
inthe R, and C,, of PCs from Hpd[""*, Hpdl"~ and HpdI”" pups treated
with 4-HMA (Fig. 3¢, Table 1and Extended Data Fig. 7h). These data
are consistent with 4-HMA treatment correcting the aberrant passive
electrophysiological characteristics of cerebellar PCs from Hpdl™ pups.

We next tested whether Hpdl loss affected the current-voltage
(I-V) curves of PCs in mouse pups. Cerebellar PCs from P8-10 Hpd!”
pupshad atighter grouping of currents at hyperpolarized membrane
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Fig.3|4-HMAimproves PC functionand behavioural phenotypes of Hpdl"”
mice. a, Electron flow in cerebellar mitochondria from P9 Hpdl**, Hpdl"" and
Hpd[” pups as well as P9 4-HMA-treated Hpdl” pups. Electron flow through
complexeslandllisimpairedin Hpdl” mice and is restored by 4-HMA treatment.
There was anon-statistically significant decreasein electron flow, rescued by
4-HMA, through complex1V.n =5 animals for all groups. b, Patch-clamping of
PCsinbrainslices from P8-10 pupsincreasesinputresistance and decreases
membrane capacitancein PCs from Hpdl” pups relative to PCs from Hpdl"*
and Hpd!”~ pups. (Hpdl"”*,n=20; Hpdl"~,n=20; Hpdl”~,n=20; 4-HMA-treated
Hpdl”",n=18).c,4-HMA supplementation restores input resistance and
membrane capacitance of PCs from Hpdl”" pupsto levels comparable to those
in Hpd["* and Hpdl”~ pups on P17-19. (Hpdl**, n =13; Hpdl”~,n=10; 4-HMA-treated
Hpdl”",n=12).d,4-HMA-treated 8-10-week-old Hpdl”~ mice have reduced gait

potentials (-100 to -60 mV) relative to that of Hpdl"* PCs (Extended
Data Fig. 7a, insets), resulting in a flatter /-V curve for Hpdl”" PCs at
hyperpolarized membrane potentials (Extended DataFig. 7a). Interest-
ingly, 4-HMA treatment seemed to overcompensate for this, resulting
in a steeper /-V curve of PCs in Hpdl” pups relative to those of the
other groups (Extended Data Fig. 7a), closer in slope and magnitude
tothe/-Vcurvesof P17-19 PCs (Extended Data Fig. 7b). The /-Vcurves
of PCs from P17-19 and P56-57 HpdI*"*, Hpdl"~ and 4-HMA-treated
Hpdl” pups were comparable (Extended Data Fig. 7b,c). These data
are consistent with PCs from Hpd!l”” pups having differential sensitiv-
ity to inputs at hyperpolarized membrane potentials than do Hpd!"*
and Hpd[”~ PCs and partial reversion of these electrophysiological
properties by 4-HMA.

The peak frequency of PCs from P8-10 HpdI”" pups was signifi-
cantly lower than those of Hpd!*"* and Hpd[”~ PCs but was increased by
4-HMA treatment to alevel higher than that of HpdIl* pups (Extended
Data Fig. 7d). These differences resolved by P17-19 (Extended Data
Fig. 7e). These findings are consistent with Hpdl”~ PCs being imma-
ture relative to PCs of Hpd[l*"* and Hpd[”~ pups and the maturation of
4-HMA-treated Hpdl”~ PCs being accelerated. Hpdlloss and 4-HMA
rescue did not affect the firing rate-current curves of PCs from P7-10
or 17-19 pups (Extended Data Fig. 7f,g). However, PCs from P56-57
Hpd["* mice had a higher firing rate at higher input currents than PCs

regularity relative to Hpdl** and Hpd[”~ mice. There were no differences in gait
speed between the groups. e,f, 4-HMA-treated 8-10-week-old Hpdl” mice
have similar performance to Hpdl”* and Hpdl”~ mice in the pole test (e) and
thetransversebeamtest (f). g, Forelimb grip strength (left) is decreased in
8-10-week-old Hpd!”" and 4-HMA-treated Hpdl” mice relative to Hpdl"* mice.
All-limb grip strength (right) is similarinall groups. For behavioural tests, data
from male mice (n: Hpdl"* = 4, Hpdl*" = 5,4-HMA-treated Hpdl”~ = 4) are plotted
as triangles. Data from female mice (n: Hpdl"* = 4, Hpdl”~ = 2,4-HMA-treated
Hpd[” =5) are plotted as circles. Behavioural data do not include untreated
Hpd[”~ mice. Dataare mean = s.e.m. as well as raw data. For box-and-whisker
plots, the centreis the median, the box bounds are the 25th to 75th percentiles
and whiskers indicate minimum to maximum. Significance was tested by
two-way ANOVA with Tukey’s post hoc test.

from Hpdl"" and 4-HMA-treated Hpd!l”" mice (Extended Data Fig. 7i).
Likewise, action-potential parameters of PCs from Hpd[”*, Hpdl* and
Hpdl” pups were mostly similar (Extended Data Fig. 8a). However, spike
thresholds of PCs from Hpdl”~ pups treated with 4-HMA were more
hyperpolarized than those of PCs from Hpd[**, Hpdl*" and untreated
Hpdl” pups on P8-10 (Extended Data Fig. 8a). The action half poten-
tial and spike half-width of PCs from Hpdl”" pups treated with 4-HMA
were slightly less than those of PCs from Hpd[”* pups (Extended Data
Fig. 8a). The differences in action half potential between PCs from
Hpd[”* or untreated Hpd!”~ pups and those from HpdI”~ pups treated
with 4-HMA persisted on P17-19 (Extended Data Fig. 8b). No significant
differencesin peak frequency or action-potential characteristicsin PCs
from P56-57 (8-week-old) Hpdl**, Hpdl""~ and 4-HMA-treated HpdI”~
mice were observed (Extended Data Fig. 8c).

These results demonstrate that homozygous Hpdl loss delays the
functional maturation of cerebellar PCs. 4-HMA treatment accelerates
and ultimately restores the functional maturity of cerebellar PCs as
measured by electrophysiological parameters.

4-HMA treats Hpdl’" motor symptoms in pups

Patients with HPDL variants typically present with ataxia, spastic tetra-
plegia and other deficits in motor function. To test whether 4-HMA
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Table 1| Passive electrophysiological characteristics of
cerebellar PCs

Hpdl”* Hpdl*~ Hpdl”~ Hpdl”"+4-HMA

R, (MQ)

P8-9 170.5+2014  152.6+26.22 274.4+3561 69.8+516
P17-19 17.2+0.43 18.6+2.37 - 20.8+1.96
P56-57 16.1121.22 12.24+1.87 - 16.78+1.29
C..(pF)

P8-9 90.0+4.74 96.2+7.85 68.3+4.82 153.1+9.24
P17-19 203.6+977  181.2+24.8 - 202.5+26.83
P56-57 189.8+14.52  244.23+26.04 - 180.96+19.69

No data are available for the groups indicated by -, because the mice die by P15.

improved the metabolic physiology and neurological symptoms
associated with Hpdl variants, we carried out metabolic home-cage
measurements and tests of motor function on P58 (approximately
8-week-old) Hpdl”" mice treated with 4-HMA and compared them
with Hpd[** and Hpdl"" mice. 4-HMA reduced seizures in Hpdl”" mice
(Extended Data Fig. 1b). At the start of testing, male, but not female,
Hpd[”~ mice weighed less than their Hpd["* and Hpdl*"~ counterparts
(Extended Data Fig. 9¢) but had no significant differences in food or
water consumption, activity, maximal oxygen consumption, carbon
dioxide production or energy expenditure (Extended Data Fig. 9a).
Hpd[” male, but not female, mice treated with 4-HMA had a signifi-
cantly elevated respiratory exchange ratio (RER) compared with Hpd!l*~
and Hpd![”* mice (sex x genotype interaction: F,,,=9.913, P< 0.01),
suggestive of altered energy substrate use (Extended Data Fig. 9b,d).
This effect seemed to be gene-dosage dependent, as Hpd!l*” male mice
had statistically intermediate RER values (male Hpd["" versus Hpdl*"*,
P<0.05; male Hpdl'" versus Hpdl”", P < 0.05; Extended Data Fig. 9b,d).
Hpdl”~ mice treated with 4-HMA had a mild, significant reductionin
the regularity of their step sequence (F, ;= 3.826, P < 0.05; Fig. 3d).
The first-order effect of the gait analysis was mouse survival that ena-
bled ambulation. However, 4-HMA-treated Hpdl”~ mice showed no
significantimpairmentsin any other gait parameter orin the open-field,
rotarod, pole and transverse-beam tests, which assess motor learning,
coordination and balance (Fig. 3e,f, Extended Data Figs. 9e,f and 10a
and Supplementary Videos 3-5). A gene-dosage effect was observed
inforelimb grip strength, with significant reductions found in 4-HMA-
treated Hpd!” mice relative to Hpd["" and Hpd[*"* mice (F,,,=38.908,
P<0.001), and with Hpd[”~ mice having significantly lower forelimb
grip strength than Hpdl[”* mice (Fig. 3g). This pattern was similar but
less pronounced in measures averaging grip strength for all four limbs.
Only HpdI”~ mice treated with 4-HMA had significant reductionsingrip

strength relative to Hpd["* mice (F,,, = 4.358, P< 0.05; Fig 3g). These
results are potentially consistent with the firing rate—current curves of
PCs from P56-57 Hpd["~ mice and 4-HMA-treated Hpd!”~ mice, which
have lower firing rates at higher input currents than do PCs from P56-57
Hpdl"* mice (Extended Data Fig. 7i).

The gene-dosage effects on RER in male mice and on mouse grip
strength suggest that there are neurological and metabolic features
affected by Hpdlloss that are partially restored by our current 4-HMA
treatment regimen, indicating that treatment may need optimization
or thatsome neurological features are refractory to 4-HMA treatment.
However, the improvement of motor phenotypes in 4-HMA-treated
Hpdl” mice suggests that 4-HMA could improve the outcomes of
humans with neurological symptoms due to HPDL variants.

4-HB can treat a patient with HPDL encephalopathy

Aneight-year-old child with biallelic HPDL variants (c.3G>C (p.Metllle),
¢.789delG (p.P264Lfs*51)) had a healthy birthand healthy development
until eight years of age, when he presented with rapidly progressing
spasticity over 2-3months, although he probably had subtle symptoms
before then. The child was able to runand participate in typical sportsin
August 2023, developed bilateral ankle clonus in September 2023 and
couldnolonger run or participatein typical sportsin October2023.He
was started on systemic CoQ,, supplementationin mid-October2023.
In early November 2023, medical records note that he could stand
without support but had difficulty maintaining an upright posture
with feet together. By late November 2023, he fell frequently and his
ambulation wasimpaired to the degree that physical therapists advised
the family to obtain awheelchair. The patient’s family history included
two younger siblings who had died in infancy (Fig. 4a), and who both
developed rapidly progressing and catastrophic encephalopathy and
seizures. The second sibling received genetic testing, revealing bial-
lelic HPDL variants (c.3G>C (p.Metllle), c.789delG (p.P264Lfs*51)).
After the onset of symptoms in the eight-year-old child, genetic test-
ing confirmed the same biallelic variants. Both variants are reported
in Clinvar®* as pathogenic (VCV001344855.5 and VCV002221909.2)
and the association of the c.3G>C (p.Metllle) variant with NEDSWMA
has previously been reported”. HPDL variants are ultra-rare based on
calculated allele frequencies (Table 2).

Given the rapid and apparently unrelenting progression of the
patient’ssymptoms (including 1.5 months while the patient was taking
CoQ,p), the history of a sibling with NEDSWMA and the availability of
4-HBin highly pure form, we proposed treatment with 4-HB. The admin-
istration of 4-HB was approved by the US Food and Drug Administration
(single patientinvestigational new drug (IND) 170119) and the treatment
protocol was approved by the NYU institutional review board (IRB;
protocol 23-01512). The parents provided informed consent and the
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Fig.4|Treatment of asingle patient with HPDL encephalopathy with the
CoQ,oheadgroupintermediate 4-HB. a, Pedigree of a patient with biallelic
HPDL variants treated with 4-HB. The patient had two older siblings who died in
infancy, the second child shared the same genotype. b, Decrease in the modified
Ashworthscore, avalidated measure of spasticity, over the initial treatment

6 | Nature | www.nature.com

course. Lack of spasticity = 0. Mitochondrial diseases generally have stable
orincreased Modified Ashworth scores over time. ¢, Decrease in the SPRS,
ameasure of spasticity and its effects on quality of life, over the treatment
course todate. Mitochondrial diseases generally have stable orincreased SPRS
scoresover time.


https://www.ncbi.nlm.nih.gov/clinvar/variation/1344855.5/
https://www.ncbi.nlm.nih.gov/clinvar/variation/2221909/

Table 2| Allele frequency data for HPDL variants

Allele frequency Chance of homozygous Incidence (1per n) Number inthe Number worldwide
variant USA
Benign 2.0x1073 - - - -
Likely benign 8.6x10™ - - - -
Likely pathogenic 2.3x10™ 5.2x1078 19,308,211 17 409
Pathogenic 8.0x10™ 6.4x10° 155,183,640 2 51
Likely pathogenic (upper bound) 3.4x107° 1.2x10°® 86,319 3,835 91,382
Likely pathogenic (lower bound) 5.3x10™ 2.8x1077 3,581,219 92 2,203
Uncertain significance 8.5x10°° 7.2x107° 138,283,577 2 57

Data are from GnomAD*,

child agreed to treatment with 4-HB; data are shared with permission.
Initial assessments included a brain MRI, with scans showing patchy T2
hyperintensity of the corticospinal tract of unclear relevance and no
major cerebellar abnormalities (Extended Data Fig. 10b).

The patientstarted treatment with 30 mgof 4-HBina5 mgml™solu-
tion (6 ml) in water on day 1. On the basis of preclinical data, the dose
was rapidly increased over the first 4 daysto100 mg kg™ (600 ml of
solution); that dose was maintained until day 30 of treatment. The dose
was then decreased to 50 mgkg™ (300 mlof solution) for an additional
95 days and then decreased to the current dose of 25 mg kg ™. The child
generally tolerated the treatment well; the solution was palatable and
wasreported to have asour taste. During the first 30 days of the study,
on several occasions, the child had emesis shortly after drinking the
600 ml solution, attributed to the large volume of solution ingested
over a short period of time (15-20 min). No further emesis occurred
during the 30 days with the lower dose volume of 300 ml. Safety moni-
toring, including electrocardiograms and bloodwork, was reassuring;
there was no substantial change in these values for the duration of

treatment. The data presented include 250 days of treatment. CoQ,,
was discontinued after several months of treatment with 4-HB.
Outcome measures (Table 3) demonstrate improvement of spas-
ticity according to the modified Ashworth score® with the sum total
of scores decreasing from 10 to 6 (Fig. 4b). The spastic paraplegia
rating scale (SPRS)*® score, a measure of spasticity and its effects on
quality of life, improved from 13 to 7 (Fig. 4c). Scores for the nine-hole
peg test®”, ameasure of hand-finger dexterity, are consistent with
stabilization or subtle improvement of the child’s hand movement
to times typical for children his age (Table 3). The 10-m walk test®®
results are varied, in part because the child compensated for pro-
found imbalance with increased walking speed at the beginning of
the study. The patient’s brain MRI did not change after 30 days of
treatment (Extended Data Fig.10b). Subjective reports, some of which
are components of the SPRS, include improvement in endurance (the
patient initially struggled to walk across a hospital lobby and by 30
dayswalked for20 min),improvementinbalance (the patient initially
was unable to stand in tandem and was able to do so about 2 weeks

Table 3| Clinical outcomes for a patient with HPDL encephalopathy treated with 4-HB

Clinical outcome DayO Day 15 Day 30 Day 54 Day 124 Day 250
Modified Ashworth score total 10 8 6 6 6 6

Arm extension, right 0 0 0 0 0 0

Arm extension, left 0 0 0 0 0 0

Hip adduction, right 1 1 1 1 1 1

Hip adduction, left 1 1 1 1 1 1

Hip flexion, right 1 1 o] 0 0 0

Hip flexion, left 1 1 0 0 0 0

Knee extension, right 2 1 1 1 1 1

Knee extension, left 2 1 1 1 1 1

Ankle, right 1(clonus) 1(clonus) 1(clonus) 1(clonus) 1(clonus) 1(clonus)

Ankle, left 1(clonus) 1(clonus) 1(clonus) 1(clonus) 1(clonus) 1(clonus)
SPRS 13 10 10 9 9 7
Nine-hole peg test, right (dominant) hand, 29.6 23.5 19.8 20.9 19.2 19.7
trial1
Nine-hole peg test, right (dominant) hand, 22.6 20.6 24.4 219 211 17.3
trial 2
Nine-hole peg test, left (non-dominant) 33.2 31.2 23.5 24.2 21.8 201
hand, trial 1
Nine-hole peg test, left (non-dominant) 29.2 235 28.0 21.6 24.2 22.2
hand, trial 2
10-m walk, first attempt (s) 6.3 7.2 6.1 8.3 7.8 9.6
10-m walk, second attempt (s) 6.2 7.2 5.8 8.0 74 10.2
10-m walk with turn, walk back (s) 14.9 14.7 12.2 15.5 14.3 19.4

NA,
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Table 4 | Patient-reported outcomes for a patient with HPDL
encephalopathy treated with 4-HB

Patient-reported Day2 Day12 Day30 Day54 Day Day
outcomes 124 250
Stance with one foot 57,60 190,190 * * NA NA
forward (time (s) for

right, left)

Tandem stance (time Unable 21,30 * * NA NA
(s) for right, left)

Falls Daily Daily Weekly Weekly Rare Rare
Able torun No No No Yes Yes Yes
Able to ride a bicycle No No No No Yes Yes
Able to step laterallyto No No No No No Yes

catch a ball

*Not quantified as the patient became bored and started walking after standing for 3min (one
foot forward) or 30's (tandem stance).

after treatmentinitiation; after 8 months of treatment he was able to
step laterally to catch aball), decreased fall frequency from multiple
times daily torarely and restoration of running by approximately 1.5
months of treatment (Table 4).

These dataand observations demonstrate the safety and tolerance
of 4-HB treatmentin a child ata dose of 100 mg kg™ for 27 treatments,
followed by 50 mg kg™ for 95 treatments and subsequent treatment
with a maintenance dose of 25 mg kg™'. We show stabilization over
the course of arapidly progressing spasticity, followed by objective
and subjective improvement in the child’s motor function, providing
evidence ofimprovement in neurological symptoms in a patient with
HPDL encephalopathy 23940,

Discussion

The central role of CoQ,, in mitochondrial health haslong been under-
stood. Attempts to improve CoQ,, synthesis have been difficultin the
periphery* and impossible in the central nervous system. Here we
demonstrate that the CoQ,, headgroup intermediates 4-HMA and 4-HB
efficiently rescue the neurological phenotypes of Hpdl”” mice, which
modelan ultra-rare primary CoQ,, deficiency. 4-HB modified the course
of an HPDL-variant mitochondrial disease in a patient with no toxicity
during eight months of treatment. Our results demonstrate that the
mammalian CoQ,, synthesis pathway isamenable to pharmacological
repletion with CoQ,, headgroup intermediates. We demonstrate that
metabolite-replacement therapy improves the neurological symptoms
of aprimary CoQ,, deficiency in a patient.

Although 4-HMA treatment improves most neurological deficits and
improves the survival of Hpdl”~ mice when administered by day 6 or 7
postnatally, initiation of treatment after P10 did notimprove Hpdl” pup
survival. These data indicate that there is a critical window in neural
development during which the effects of HPDL encephalopathy will
be partially reversible in patients. Treatment with CoQ,, headgroup
intermediates during the critical window restores cellular function
and developmentand improves neurological symptoms, even though
our current4-HMA and 4-HB treatment regimen only partially restores
CoQpoolsinthebrains of Hpdl” mice. Patients, such as the person we
treated, may have a longer critical window if they retain any residual
HPDL activity. Once brain development is complete*?, CoQ,, head-
group synthesis might be dispensable. In support of this hypothesis,
4-HMA-treated Hpd!l” mice survive without supplementation of CoQ,,
headgroup intermediates after P30.

The durable rescue of mitochondrial function in Hpdl” mice sug-
gests a CoQ threshold effect as well as differential requirements for
CoQsynthesis during development and in adulthood. CoQ headgroup
synthesis may not be required for the survival of adult mice living under
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controlled conditions, particularly if there are alternative sources of
CoQor CoQheadgroups. Conditional deletion of Hpd!will enable us to
addressthe tissue-specific and temporal requirements of HPDL activity.

Loss of CoQ headgroup synthesisis associated with increased TUNEL
staining, consistent with apoptosis, in the developing cerebellum and
inthe cortex, striatum and thalamus (Extended Data Figs. 3b,d and 5a).
This may be caused by loss of mitochondrial function orincreased mito-
chondrial or cellular reactive oxygen species due to decreased CoQ.
Increased apoptosisinthese brain regions may contribute to the clinical
symptoms of patients with HPDL variants. Determining the mechanisms
underlyingincreased sensitivity of specific brainregions to loss of HPDL
and CoQ headgroup synthesis will require further research.

Treatment with*C,-4-HMA or 4-HB restores CoQ,and CoQ,, poolsin
Hpdl” mice to about half that of wild-type mice and a significant frac-
tion of CoQ,and CoQ,, remains unlabelled. These results are consistent
witha parallel CoQ headgroup synthesis pathway or the uptake of CoQ
headgroup from maternal milk, diet or another source. This alternative
pathway is not sufficient for development but enables the survival of
mice once development is complete. An alternative source of CoQ,,
headgroup intermediates (or CoQ,, itself) may account for some of
thevariability in the presentation of HPDL encephalopathy and other
primary CoQ,, deficiencies. Surprisingly, lower CoQ,and CoQ,, levels
restore mitochondrial electron flow andimprove the survival of Hpdl”
mice, although lower CoQ levels may be responsible for the reduced
grip strength of 4-HMA-treated Hpd!l”” mice. Additional studies will be
needed to test whether prenatal treatment, higher doses and improved
formulations of 4-HMA and 4-HB increase brain CoQ, and CoQ,, pools
towild-type levels. Our data are consistent with arole of HPDL in con-
trolling the amount of CoQ, and CoQ,q in the brain.

Oral administration of 4-HB at high doses rescues perinatal lethal-
ity in mice with hypomorphic Cog2, which conjugates 4-HB to its iso-
prenoid tail during CoQ,, synthesis'. This previous work indicates
that CoQ,, headgroup intermediates could treat other primary CoQ;,
deficiencies. The authors of this previous work suggested that the
treatment of HPDL pathogenic variants with 4-HBwould require further
investigation. Here we demonstrate that both 4-HMA and 4-HB restore
the growth of mice lacking Hpdland that 4-HB canimprove the clinical
outcomes of a child with a neurodevelopmental disorder driven by
HPDL variants. We anticipate that early treatment with 4-HMA or 4-HB,
enabled by newborn screening tests to detect inborn errors in CoQ,q
headgroup synthesis or conjugation, will maximize the therapeutic
benefits of treatment with CoQ,, headgroup intermediates. Larger
trials of CoQ,, headgroup replacement therapy in patients with HPDL
variants willberequired to determine the outcomes of treatment with
CoQ,o headgroup intermediates.
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Methods

Detailed methods are included in the Supplementary Methods.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Metabolomics data are available at Zenodo (https://doi.org/10.5281/
zenodo.15361205)*. Additional patient data that cannot be shared
dueto privacy reasons arelocated in controlled access storage at NYU
Langone Health. Source dataare provided with this paper. Code avail-
ability Code used to analyse Patch Clamp data is available at GitHub
(https://github.com/songs05/lonLab/tree/Ephys-Analysis).

Code availability

Code used to analyse Patch Clamp datais available at GitHub (https://
github.com/songs05/lonLab/tree/Ephys-Analysis).
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Extended DataFig.1|related toFig.1, Mammalian CoQ headgroup
intermediatesimprove the survival of Hpdl” mice and areincorporated
intomousebrain CoQ,invivo. a, Hpdl” pups (n = 5) exhibitsignificant weight
loss by post-natal day 10 (P10) relative to Hpd!** (n = 8) and HpdI"" (n = 6) pups.
Treatment of Hpdl”~ pups with 4-HMA (n = 4), the product of HPDL, and 4-HB
(n=5),theimmediate precursor of the CoQ headgroup, resultsin weight gain
similar to Hpdl*" pups after P9. Error bars represent medianzinterquartile range.
b, Seizure frequencies in pups. All Hpdl”~ pups (n = 6) have observed seizures.
No Hpdl["* (n = 6) or Hpdl”~ (n=8) pups had observed seizures. Treatment with
4-HMA reduced the number of Hpdl”" pups with seizures to 6 out of a total of
93treated Hpdl” pups. ¢, Lactate/pyruvate ratio in plasmafrom Hpdl"* (n=8),
Hpdl"”" (n=8),and Hpdl”~ (n=5) pups. Hpdl” pups have a higher lactate/pyruvate
ratio than Hpd!l”*and Hpdl* pups. d, Pharmacokinetic data for 4-HMA and 4-HB
at500 mg/kg poand1mg/kglV.Error barsrepresent mean + standard deviation
fordatafrom 3 mice. e, Long-termtoxicity histology for 4-HMA and 4-HB

administered orally for 3 months at 500 mg/kg/day. No inflammation or necrosis
were observedinthebrain, heart, kidneys, liver, lungs, or spleen fromuntreated,
4-HMA, or 4-HB-treated mice. Sections arerepresentative of n =4 miceineach
group. f,Plasma concentrations of 4-HMA in P10 Hpd[” pups treated with

10 mg/kg/day, orallyadministered 4-HMA starting at P3. Plasma4-HMA
concentrationsare higherin treated Hpdl” pups thanin Hpdl”, Hpdl”", and
untreated Hpdl” pups. Hpdl*", Hpdl*", and Hpd[” pup datawere obtained for
Fig.1cand are presentedin afaded shade for ease ofinterpretation. 4-HMA-
treated Hpdl” pupn=7.g, Hpdl”" pups canstand 3 days after supplementation
with4-HMA (10 mg/kg/day, oral administration). h, Survival of Hpdl” pups
treated onP7 or P10. Hpdl”" pups treated by postnatal day 7 (n = 32) surviveinto
adulthood. Treatment of Hpdl” pups at 10 days after birth (n = 4) does not
improve their survival. Significance was tested by two-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test.



a 13C,-4-HMA 13C,-4-HB

Brain CoQ, Brain CoQ,, Brain CoQ, Brain CoQ,,

P20 P12P20 P20 P12P20 P20 P12P20 P20 P12P20
<0.0001 <0.0001 <0.0001 <0.0001
1 1 1 1

<0.0001 <0.0001 <0.0001 <0.0001
] ] ]
<0.0001 <0.0001 <0.0001 <0.0001
1  ° 1 1
<0.0001 <0.0001 <0.0001 <0.0001
2807 00105 00274 3°°7<0.0001 00069 32 °°7 0.0105 00274 3 >°7 0.0002
2 | 2 2 . 2 |
£ 60 £ < £ 20 m MmO
5 820+ 5 40— 5 . - m
2 40 2 > o' M m2
~ — —~ [ ] m3
< 3 ./ 2 104 ma
O O 10 O 20- O
2 = 2 2 5+ = m6
g g q B ¢
O O_ o O_ O 0_ O 0_
Hpdl +/+ +/- /- /- Hpdi+/+ +/- -/~ -/~ Hpdl+/+ +/- -/- -/~ Hpdl+/+ +/- /- /-
BC4-HMA + + - +BC-4HMA+ + - +"C-4HB + + - +8BC-4-HB + + - +
b P90; 13C-4-HMA from P2-P30
Cerebrum Cerebellum
0.0005 0.0003 00119 0.0002
D 80 © 30 D 80+ © 30
=] > =} -
8 0.0013 3 00013 & 0.0204 & 00006 _ o
€ 60 £ S 60 £
= S £ s | = m1
g S 3 T 52 =
o = o © m m3
— 40 —~ - — -
3 0 (g % 40 Cg m4
3 O 10- o O 10 . mS
220 2 o 20 g B m6
oc) = Oc» =]
3 o- g 0- 8 o- 2 o
Hpdi*/* */- -~ Hpdi*/* *- -/ Hpdi+/+ -+ © Hpay+/+ +- -
C Brain, P90
100+ 30-
5 © 804 o 5 § E
88 0l I S 3 20-
o= H4 o=
3 c ~d 2 £
8 40- o @
g5 40 g5 10
o 220 c“
0- 0

4-HMA - + 4-HMA - + +:4-HMA from P2-P30

Extended DataFig.2|See next page for caption.



Article

Extended DataFig.2|related to Fig.1. CoQ concentrationsin the brains of
pups and P90 mice following 4-HMA and 4-HB treatment. a, CoQ,and CoQ,,
concentrations from mouse brains following treatment with *C-4-HMA or
3C¢-4-HB starting at postnatal day 3.C,-4-HMA and *C-4-HB are incorporated
into CoQ,and CoQy,in Hpdl” mice,andincrease brain CoQ, relative to untreated
Hpdl” mice.”C-4-HMA and *C,-4-HB are minimally incorporatedinto CoQ,in
Hpd[”* mice andisincorporated into CoQ, at alower fraction in Hpdl* mice.
B3C4-4-HMA: Hpdl"* n=3,Hpdl" n=6,and Hpdl”" treated n =5."*C,-4-HB: Hpd["*
n=3,Hpdl" n=4,and Hpdl" treated n = 3. Hpdl” untreated n =3. CoQ, and
CoQ,odatafrom Hpdl” untreated mice were obtained in the 4-HMA experiment
and are presented inafaded shade of colorin the 4-HB experiment for ease

ofiinterpretation. b, CoQ,and CoQ,, concentrations from the cortex and
cerebellum of mice treated with*C¢-4-HMA from P2-P30 and sacrificed at P90.
The concentrations of CoQ,and CoQ,in the brains of treated Hpdl” mice are
~50% of the concentrations of these molecules in the brains of Hpd[”* mice.
Only aminor fraction of CoQ,and CoQy is labeled with °C. HpdI”* n =3, Hpdl""
n=3,and Hpdl” treated n=3. ¢, CoQ,and CoQ,, concentrations from the
brains of P90 wild-type mice that were not treated with 4-HMA, or treated with
4-HMA from P2-P30.4-HMA does notincrease the brain concentrations of
CoQqand CoQ,,inwild-type mice. Significance was tested by two-way analysis
ofvariance (ANOVA) followed by Tukey’s post-hoc test.
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Extended DataFig. 3 |related to Fig.2.4-HMA supplementationimproves
the histologic appearances of the brains of Hpdl” mice. a, Hematoxylin and
eosin staining of cerebellar samples from P6 Hpdl*", Hpdl”", and Hpdl” mice
treated with 4-HMA (Hpd[”~ + 4-HMA). Three Hpd!l"* (A, D and G), Hpd!”~ (B, E
andH) and Hpd[”" + 4-HMA (C, F and I) samples were analyzed to determine the
reproducibility of the phenotype. Hpdl” mouse cerebellahave pronounced
atrophy thatis partially rescued after 4-HMA treatment. b, Immunostaining for
PAX6 (green) and Calbindin (red) on mid-sagittal sections of P6 cerebellafrom
Hpdl"”*, Hpdl”",and Hpdl”" mice treated with 4-HMA from P2-3 (Hpd[” + 4-HMA)
(Panels A-C). Nuclei were counterstained with Hoechst (blue). Panels D-1are
higher-magnification views of the boxed areain eachimage above with single-
channel PAX6 (green) and Calbindin (red) staining. PAX6 stanning of granule
cellsshows that the EGL and IGL are depleted in the Hpdl” cerebella (Panel F
compared to D, H). Calbindin staining of Purkinje cells shows the cells forma
multilayer in Hpdl”" cerebella (panel G). Purkinje cells form asingle layer following
4-HMA treatment, but dendrites are stunted (panell). PanelsJ-1contain lobule 3
from mid-sagittal cerebellar sectionsimmunostained for Hoechst (blue) and
TUNEL (yellow), showing anincreasein cell deathin Hpdl” cerebella (panel K)
compared to control cerebella (panel]). 4-HMA treatment decreases cell death
(PanelL). The white dashed line delineates the external granular layer of lobule
3.c,Quantitation of cerebellar areain midline sections from P6 pupsin Extended
DataFig.3b. Hpdl” pups have smaller cerebellathan Hpd["* pups. Cerebellar

sizein Hpdl” pupsis partially rescued by 4-HMA treatment. n =4 for allgroups.
d, Quantitation of TUNEL staining, ameasure of apoptosis, in the cerebella of
P6 pups, from Extended DataFig. 3b. Hpdl” pups have higher TUNEL staining
intheir cerebellathan Hpd[”* pups. TUNEL staining in Hpdl”~ pupsiis partially
decreased by 4-HMA treatment, consistent with decreased levels of apoptosis
when CoQheadgroup synthesis is restored. n =4 forall groups. e, P11 Hpdl”
pups show reduced Purkinje cell dendrite height (panels G-J) and EGL thickness
(panels T-V) as revealed by calbindin antibody and Ki-67 antibody staining,
respectively. P11 Hpdl” pups also demonstrate reduced cerebellar size (panel
G) and ectopic Purkinje cells (panel H), indicative of abnormal Purkinje cell
development. These abnormalities appear restored by 4-HMA treatment from
P2-3 (panelsK-M, W-Y). f, Quantitation of dendrite height shownin the calbindin
stains from Extended Data Fig. 2e, which confirms that P11 Hpdl” pups have
significantly reduced dendrite height that was rescued in the 4-HMA treated
group.n=3animals per group. g, Quantitation of External Granular Layer (EGL)
thickness shownin the Ki-67 stains from Extended Data Fig. 2e, which confirms
that P11 HpdI” pups havessignificantly reduced EGL thickness that was rescued
inthe 4-HMA treated group. n =3 animals per group. h, Hematoxylin and eosin
staining of cerebellar samples from P56-57 Hpdl**, Hpd["", and Hpdl”" mice
treated with4-HMA. The cerebellar histology is grossly normalinall three
groups of animals. For panelsc, d, f,and g, significance was tested by two-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc test.
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Extended DataFig. 4 |related to Fig. 2. Additional histological
characterization ofuntreated and 4-HMA-treated brains from Hpdl” mice.
a, Representative calbindin staining of cerebellar sections from P56-57 Hpdl"",
Hpdl”", and 4-HMA-treated Hpdl”~ mice and quantitation of dendrite height.
Thedendrite heightis similarinall three groups of animals. b, Representative
electronmicrographs of the cortexin P11 Hpdl”*, Hpdl”",and Hpdl” pups, as well
as Hpdl” pups treated with 4-HMA. We observed minimal changesin cortical
mitochondrial ultrastructurein Hpdl”~ pups (panels C and G) compared to Hpd["*

pups (panels Aand E) and Hpd[” pups (panels BandF).c, P11 Hpdl” pups exhibit
subtleloss of normal cortical layers of the cerebral cortex (panels C, G, K),
aswell asedema, shrinking of the cortical neurons, and red neurons. These
histological findings are partially restored by supplementation with 4-HMA
(panelsD, H,L).d, P11 Hpdl” pups do not exhibit major changes in hippocampal
histology in comparison to Hpdl*"* pups, Hpdl” pups, and Hpdl” pups treated
with4-HMA. n=4forallgroups. For panel a, significance was tested by two-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc test.
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Extended DataFig. 6 |related to Fig. 3. Electron flow measurementsin

Electrontransport chainsubstrates and inhibitors used for the electron flow
assay.l, ComplexI.1I, ComplexII.11I, ComplexI1I. 1V, ComplexIV.Q, CoQ.b,
Electron flow measurements of mitochondriaisolated fromthe cortex of P9
Hpdl"*, Hpdl”~,and Hpd[”" pups, as well as Hpdl”~ pups treated with 4-HMA.
Electron flow through complex land complex|Ilisreducedin Hpdl” pups,
andisimproved by treatment with4-HMA. c, Electron flow measurements of

cerebellum and co Hpdl", Hpdl”", Hpdl” and 4-HMA-treated Hpdl” mice.a,

mitochondriaisolated from the cortex and cerebellum of P90 (3-month-old)
Hpdl**and Hpdl"" pups, as well as Hpdl” pups treated with 4-HMA from P3-30.
Electron flow through complexesl, Il,and IV are similar in all groups. d, Electron
flow measurements of mitochondriaisolated from P12 Hpd[** mice treated
with4-HMA starting on P3.4-HMA treatment does notincrease electron flow
through complex], I, or IVin wild-type pups. Mitochondriawereisolated from
n=>5animals for allgroups. Significance was tested by two-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test.
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Extended DataFig.7 | related toFig. 3. Electrophysiologic characterization
of Purkinje from Hpdl"*, Hpdl"", Hpdl” and 4-HMA-treated Hpdl’ mice.

a, Thel/V curves of Purkinje cells from P8-10 Hpdl” pups and 4-HMA-treated
Hpdl” pups are significantly different from each other and fromthe l/V curves
of Hpdl** and Hpdl"" pups, which are similar. P-values indicating statistical
significancearelisted. The Hpdl” pups haveaflatterl/V curve at hyperpolarized
membrane potentials relative to the other curves due to atighter grouping of
currents at hyperpolarized membrane potentials (-(100 to-60 mV) than the
Hpdl** and Hpdl*" pups (see insert). The 4-HMA-treated Hpdl” pupshave a
steeper I/V curve similar to more mature Purkinje cells.b. The 1/V curves of
Purkinje cells from P17-19 Hpd["*, Hpdl"", and 4-HMA-treated Hpdl” pups are
similar. Theinset depicts an example Hpd[”* Purkinje cell current response to
the voltage step commands, which is similar to the Hpdl”~ and 4-HMA-treated
Hpd[” pup Purkinje cells responses. ¢, Thel/V curves of Purkinje cells from
P56-57 Hpdl"*, Hpdl”",and 4-HMA-supplemented Hpdl”" mice are comparable.
d, Peak frequency of Purkinje cells from P8-10 Hpd!l*", Hpd["", Hpdl”" and 4-HMA-
treated Hpdl”~ pups. The 4-HMA treated Hpdl”~ group has higher peak frequency
thanany of the other groups. Differencesin frequency were identified by two-
way ANOVA followed by Dunnett’s multiple comparison test. e, Peak frequency

of Purkinje cells from P17-19 Hpdl**, Hpdl*", and 4-HMA-treated Hpd[” pups.
The peak frequenciesin all three groups are comparable. f, F/I curves of Purkinje
cells from P8-10 Hpdl*", Hpdl"", Hpdl”- and 4-HMA-treated Hpdl” pups. There
were nosignificant differencesin thelinear portions of each curve between
eachgroup. Theinsertshows the simple firing pattern of animmature Purkinje
cell.g, F/l curves of Purkinje cells from P17-19 Hpdl**, Hpdl"", Hpdl”~ and 4-HMA-
treated Hpdl” pups. There were no significant differencesin thelinear portions
of each curvebetween eachgroup. Theinsert shows the simple firing pattern
of amore mature Purkinje cell. h, Input resistance and membrane capacitance
inPurkinje from P56-57 (8-week-old; age comparable to behavioral assays) Hpdl”*
and 4-HMA-supplemented HpdI” mice are comparable, with anonsignificant
decreaseininputresistance and anonsignificantincreasein membrane
capacitancein Hpd[l"” mice and a nonsignificantincrease in membrane
capacitance.i, The F/Icurve of Purkinje cells from P56-57 Hpd["* mice exhibits a
higher firing rate at higher input currents than Purkinje cells from Hpd![*" and
4-HMA-treated Hpdl” mice. All electrophysiological dataare presented as the
averages of atleast 10 Purkinje cells (Supplementary Table 4). Significance was
tested by two-way ANOVA followed by Tukey’s post-hoc test.
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Extended DataFig. 8 |related to Fig. 3. Action potential characteristics of
Purkinje cells from Hpdl"*, Hpdl"", Hpdl” and 4-HMA-treated Hpdl” mice.
a.Action potential characteristics of Purkinje cells from P8-10 Hpdl"*, Hpd["",
Hpdl” and 4-HMA-treated Hpd[”~ pups. An average action potential is shown
inpanel Aand the phase plane diagramis shown in panel B. Significantaction
potential shape differences can be seen between Purkinje cells from Hpdl"* and
4-HMA-treated HpdI” pups. Purkinje cells from 4-HMA-treated Hpdl” pups had
asignificantly lower spike threshold than the Hpd["* (p = 0.0076) and Hpdl”
pups (p=0.0207; panel C). The spike threshold for Purkinje cells from the
Hpd[”~and 4-HMA-treated Hpd!l”~ pups trended to difference but was not
significant (p = 0.0506), consistent with 4-HMA treatment rescuing Hpdl”~ pup
gripstrengthto the level of Hpdl”" mice (Fig. 3g). The spike half-width of Purkinje
cells from the 4-HMA-treated Hpdl” pups was significantly narrower thanall
three treatments (Hpdl**: p < 0.0001; Hpd["":p = 0.0002; Hpdl”":p < 0.0001;
panel E). Finally, Purkinje cells from 4-HMA-treated Hpdl”" pups had a shallower

action half-potential (AHP) amplitude compared to Hpd[”*and Hpd[” pups
(WT:p=0.0008;KO: p=0.0461; panel F). The 4-HMA-treated Hpdl” pup
statistics resemble the WT condition of the P17-19 group (Extended Data
Fig.8b).b, Action potential characteristics of P17-19 Hpd[”*, Hpdl*", and 4-HMA-
treated Hpdl”" pups. An average action potential is shownin panel Aand the
phase plane diagramis shownin panel B. The spike threshold, spike amplitude,
and spike half-width are comparableinall three groups. The AHP for Purkinje
cells from 4-HMA-treated Hpd[”~ pups was lower than for Hpdl*"* pups
(p=0.0268).c,Peak frequency and action potential characteristics of Purkinje
cells from P56-57 Hpdl”*, Hpd["", and 4-HMA-treated Hpd[” mice. The peak
frequency, spike amplitude, spike half-width, spike threshold, and AHP amplitude
arecomparableinallthree groups. All electrophysiological data are presented
astheaveragesof atleast 10 Purkinje cells (Supplementary Table 4). Differences
infrequency wereidentified by two-way ANOVA followed by Dunnett’s multiple
comparison test.
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Extended DataFig. 9 |related toFig. 3. Additional metabolic, behavioral,
and neurological tests of Hpdl”*, Hpdl"", Hpdl” and 4-HMA-treated Hpdl"
mice. a, Metabolic phenotypessuch as food and water intake, activity, O,
consumption, CO, production, and energy expenditure are similar in 4-6-week-
old Hpdl"*, Hpdl*", and 4-HMA-treated Hpdl”" mice, as measured in metabolic
cages. There were no significant changes in any of these parameters between
Hpdl"*, Hpdl"", and 4-HMA-treated Hpd[” mice.b, Respiratory exchange ratio
(vO,/vCO,) inHpdl*", Hpdl"",and 4-HMA-treated Hpdl”" mice. c,4-HMA treatment
partially restores the weight of male Hpdl” mice and rescues the weight of
Hpdl” female mice. Hpdl” mice have comparable weights to Hpdl** mice. The
combined datademonstrate that 4-HMA partially restores the weight of Hpdl”~
mice relative to Hpdl” mice. d, Respiratory exchange ratio summary in Hpdl*",
Hpd[”", and 4-HMA-treated Hpdl”" mice. Male Hpd!”~ mice treated with 4-HMA
had asignificantlyincreased respiratory exchange ratio (RER) compared to
both Hpd[”* male mice and Hpdl”~ and 4-HMA-treated Hpdl” female mice.

e, Rotarod performanceis similarin Hpd[”*, Hpdl”~, and 4-HMA-treated Hpd[”~
male and female mice. f, Open field data from 6-8-week-old Hpd["*, Hpdl"",
and 4-HMA-treated Hpdl”~ mice revealed no significant differencesin distance
moved or time that mice spentin the center of the open field. Datafrommale
mice are plotted as triangles. Data from female mice are plotted as circles. For
behavioral tests, data from male mice (n: Hpdl"*= 4, Hpdl*"=5,4-HMA-treated
Hpdl”=4) are plotted as triangles. Data from female mice (n: Hpdl”*= 4, Hpdl” =2,
4-HMA-treated Hpdl”"=5) are plotted as circles. Behavioral data do not contain
comparisons to untreated Hpdl”” mice, which do not survive to the age at which
thesebehavioral assays are carried out. Data presented are mean + standard
error of the mean, as well as raw data. Behavioral data are presented as box and
whisker plots, where the center is the median, the box bounds are the 25" to 75t
percentiles, and whiskers indicate minimum to maximum. Differences were
identified by two-way ANOVA followed by Tukey’s post-hoc test.
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Extended DataFig.10 | related to Figs.3 and 4. Gait characterization of
Hpdl”*, Hpdl"", Hpdl” and 4-HMA-treated Hpdl’ mice, and brain MRIfrom
apatient with biallelicHPDL variantsreceiving the CoQ,,headgroup
intermediate 4-HB. a, Additional catwalk data from 6-8-week-old Hpdl*",
Hpdl”", and 4-HMA-treated Hpdl” mice reveal no significant differencesin gait
parameters betweenthe groups of mice. A, stride length. B, swing phase
duration. C, stance phase duration. D, cadence.E, base of support. F, maximum
contactintensity. G, symmetryindex for stride length.b, T1-and T2-weighted
brain MRIimages froma patient with biallelic HPDL variants before treatment
with4-HB (day O; panels Aand B) and 30 days after treatment with 4-HB (panels
CandD).Datafrom male mice are plotted as triangles. Data from female mice

areplotted ascircles. For behavioral tests, data from male mice (n: Hpdl"*= 4,
Hpd[""=5,4-HMA-treated Hpdl”"=4) are plotted as triangles. Data from female
mice (n: Hpdl"*=4, Hpdl” =2, 4-HMA-treated Hpdl” =5) are plotted as circles.
Behavioral data do not contain comparisons to untreated Hpdl” mice, which
donotsurvive to the age at which these behavioral assays are carried out.
Datapresented are mean + standard error of the mean, as well as raw data.
Behavioral data are presented as box and whisker plots, where the centeris the
median, thebox bounds are the 25" to 75" percentiles, and whiskers indicate
minimum to maximum. Differences were identified by two-way ANOVA followed
by Tukey’s post-hoc test.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Metabolic home cage data were acquired and exported with TSE PhenoMaster software 8.1.4.14156. Patch-clamp recordings were collected
with Clampex 11 (Molecular Devices).

Data analysis Mass spectrometry data were analyzed with Xcalibur 4.0.27.19 (ThermoFisher). Whole mount micrographs were stitched together with Adobe
Photoshop 26.4.1 and cropped in Adobe Illustrator 29.3. Data were analyzed with GraphPad Prism 10.4.2. Patch clamp recordings were
analyzed using custom written code in MATLAB R2024b (Mathworks). The code is available at GitHub: https://github.com/songs05/lonLab/
tree/Ephys-Analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data supporting the findings of this study are available within the paper and its Supplementary Information. Additional patient data cannot be shared due to
reasons of privacy are located in controlled access storage at NYU Langone Health.Requests to access these data from qualified researchers trained in human
subject confidentiality protocols may be sent to the NYU Langone Health Clinical and Translational Science Institute at CTSI@NYULangone.org. Data availability
requires consent of the IND investigators (Dr. Claire Miller and Dr. Giulietta Riboldi), the NYU IRB, the patient, and family

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We carried out a single patient study with a male patient. Sex is reported in the manuscript.

Reporting on race, ethnicity, or Reporting on race, ethnicity, or other socially relevant groupings are not provided for this patient for privacy concerns.
other socially relevant

groupings

Population characteristics Single patient, 8 years of age, male, with biallelic HPDL variants (c.3G>C (p.Metllle), c.789delG (p.P264Lfs*51).

Recruitment

Ethics oversight

The patient was referred to the investigators by Dr. Joseph Gleeson at UCSD. Recuritment is biased by the rareness of the
disease (~200 patients in the USA).

The administration of 4-HB was approved by the FDA (single patient IND # 170119) and the treatment protocol was approved
by the NYU Institutional Review Board (protocol #s23-01512).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

We used a minimum of n=3 for in vitro experiments based on prior data (Banh et al., Nature 20201; https://
pubmed.ncbi.nim.nih.gov/34471290/). We used a minimum of 5 mice (with the exception of P90 CoQ measurements, which used 3 mice due
to prior knowledge of brain CoQ measurement robustness) for all in vivo experiments. Both in vitro and in vivo sample size were observed to
yield appropriate statistical power.

We did not exclude data from the analyses, except in occasional instances when an individual LC-MS run had poor signal or inadequate
internal standard measurements.

All experiments were replicated a minimum of three times with independent biological samples.

Initial mouse experiments were randomized 1:1 to treatment or vehicle. Following observation of treatment effects, additional mice were
treated without randomization to determine the robustness of the treatment effect. All other data were acquired identically (within each
experiment) using internally controls and did not require randomization.

Blinding was not possible for in vivo mouse studies due to the the large differences in phenotype between treated and untreated animals.
Blinding was not possible for the clinical portion of this work as only a single patient was treated. However, the corresponding author was
blinded to the outcome of the single-patient clinical trial until 30 days of treatment.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
] Antibodies [] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| |Z MRI-based neuroimaging

Animals and other organisms
Clinical data
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Plants
Antibodies

Antibodies used Calbindin (swant # 300; CB300PUR)
Ki-67 (BD Pharmingen #55069)
Pax6 (Millipore #AB2237)
HRP-conjugated goat anti-mouse secondary (Agilent DAKO #P044701-5)
HRP-conjugated goat anti-rabbit secondary (Agilent DAKO #P044801-2)
Alexa Fluor 488 donkey anti-rabbit (Invitrogen #A21206)
Alexa Fluor 555 donkey anti-mouse (Invitrogen #A31570)

Validation Validation statements are available on the companies' websites as follows:

Calbindin: https://webshop.swant.com/affinity-purified-mouse-monoclonal-anti-calbindin-d-28k-100ul.htm|

Ki-67: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/purified-mouse-anti-ki-67.550609

Pax6: https://www.emdmillipore.com/US/en/product/Anti-PAX6-Antibody, MM_NF-AB2237

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Mice (Mus musculus, C57BL/6NCrl-Hpdlem1(IMPC)Mbp/Mmucd; MMRRC:0066979-UCD; MGl 2444646) , aged 1-600 days
Wild animals No wild animals were used in this research.
Reporting on sex Sex was treated as a biological variable in these experiments. Sex was determined by measurement of anogenital distance.

Behavioral data are disaggregated by sex.
Field-collected samples  No field-collected samples were used in this research.

Ethics oversight All animal studies were approved by the NYULMC IACUC (Institutional Animal Care and Use Committee) under protocol IA16-01862
and conducted in accordance with IACUC guidelines and in observance of humane endpoints.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  This study describes a single-patient IND that did not require registration as it is limited to a specific patient.
Study protocol The protocol for this single patient IND is not available as it contains HIPAA-protected information.

Data collection Data were collected over a period of 30 days, during the period of initial treatment, at the NYU Clinical and Translational Sciences
Institute, located at Bellevue Hospital, New York, NY. Subsequent data collection was obtained at the NYU CTSI at 30 and 54 days
following initiation of treatment. All treatment was conducted as an outpatient. From Day 30 to Day 54, the patient returned home.

Outcomes Primary outcomes were the Modified Ashworth Scale (https://pubmed.ncbi.nIm.nih.gov/28901119/), Spastic Paraplegia Rating scale
(https://pubmed.ncbi.nim.nih.gov/16894103/), 9-hole Peg Test (https://pubmed.ncbi.nlm.nih.gov/25449717/) and 10-meter timed
walk (https://pubmed.ncbi.nlm.nih.gov/32884845/), all of which are picked because they are established, validated measures of
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spasticity. Each clinical datapoint was measured by the same physician throughout the study. Patient-reported outcomes were
gathered by the parents of the patient.

Plants

Seed stocks N/A

Novel plant genotypes  N/A
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Magnetic resonance imaging

Experimental design

Design type Clinical exam acquired per standard clinical protocols
Design specifications Clinical exam acquired per standard clinical protocols

Behavioral performance measures ~ N/A

Acquisition
Imaging type(s) Clinical exam acquired per standard clinical protocols
Field strength 3T
Sequence & imaging parameters Clinical exam acquired per standard clinical protocols
Area of acquisition Clinical exam acquired per standard clinical protocols
Diffusion MR Used L] Not used

Parameters Clinical exam acquired per standard clinical protocols

Preprocessing

Preprocessing software Clinical exam acquired per standard clinical protocols
Normalization Clinical exam acquired per standard clinical protocols
Normalization template Clinical exam acquired per standard clinical protocols
Noise and artifact removal Clinical exam acquired per standard clinical protocols
Volume censoring Clinical exam acquired per standard clinical protocols

Statistical modeling & inference

Model type and settings No statistical models were used as MRI was a clinical exam acquired per standard clinical protocols
Effect(s) tested No effects were tested as MRIs were obtained per standard clinical protocols for structural purposes

Specify type of analysis: [ | whole brain [ | ROI-based [ | Both

Statistic type for inference No statistical models were used.

(See Eklund et al. 2016)

Correction No statistical models were used.




Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

IZ |:| Graph analysis

|:| Multivariate modeling or predictive analysis
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