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Abstract

Glutaric aciduria type | (GA1l) is an inherited disorder caused by the enzymatic defect of
glutaryl-CoA dehydrogenase in the lysine degradation pathway, characterized by the
accumulation of toxic metabolites in the central nervous system. We reasoned that
substrate reduction therapy targeting the alpha-Aminoadipic Semialdehyde Synthase
(AASS), the first enzyme in the catabolism of lysine, could provide an attractive
therapeutic alternative. We explored to reduce the expression of AASS by an artificial
microRNA with AASS target sequences embedded in a miR-16 backbone (miR_AASS).
We analyzed several delivery routes and AAV serotypes and evaluated the therapeutic
efficacy of a systemic neonatal delivery of AAV9_miR_AASS in the Gcdh-/- mouse model
of GA1. We detected dose-dependent miR-AASS expression and AASS inhibition in liver
and striatum, the main tissues affected in GA1l. Treatment with AAV9_miR_AASS in
lysine overload challenged mice reduced the accumulation of neurotoxic metabolites, up
to six months post-treatment in the striatum, prevented the neuropathological alterations
and improved mouse survival. Our results show that AAV9_miR_AASS supports AASS-

lowering as a potential gene therapy strategy for GAL.
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INTRODUCTION

Glutaric aciduria type 1 (GA1; MIM: 231670) is an autosomal recessive inborn error of
metabolism caused by inherited deficiency of glutaryl-CoA dehydrogenase (GCDH), an
enzyme involved in the catabolism of lysine, tryptophan and hydroxylysine. GA1 was first
discovered in 1975 ! and has a variable prevalence ranging from 1:100.000 in the general
population to 1:250 newborns in high-risk populations. 22 Pathogenic variants in GCDH
cause the defective oxidation and posterior decarboxilation of glutaryl-CoA in the lysine
degradation pathway, resulting in disease-specific metabolites accumulation such as
glutaric (GA) and 3-hydroxyglutaric (3-OHGA) acid in body fluids and tissues. These
intermediates accumulate mainly in the central nervous system (CNS), due to the lack
of cerebrovascular transporters and the low permeability of the blood brain barrier (BBB).
Increased concentration of neurotoxic metabolites triggers the clinical features of GAL,
characterized by acute encephalopathic crises which lead to permanent bilateral striatal
injury.*® Most untreated patients develop the acute encephalopathic crises between the
ages of 3 and 36 months, precipitated by catabolic events such as intercurrent febrile
illness or prolonged fasting caused by infections or surgical procedures. After these
episodes, individuals develop dystonia, complex movement disorders and spasticity,
with severe neurological irreversible damage. 387 The life expectancy of affected
individuals varies significantly, while some may reach adulthood, about half of the
affected children do not survive their first decade of life due to an acute episode. GAl is
currently early diagnosed via newborn screening in some countries and controlled by
restricting lysine intake, carnitine supplementation, and emergency treatment. & Although
dietetic lysine restriction is considered safe and effective, one-third of the patients still

experience striatal damage despite early diagnosis and treatment. 2°

Since lysine is an essential amino acid it can not be reduced below the minimal daily

requirements, limiting the therapeutical range of this diet. Substrate reduction therapies
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for inborn errors of metabolism arises as a potential therapeutic strategy to decrease the
levels of toxic metabolites by inhibiting an enzyme upstream of the defective enzyme. In
fact, the inhibition of the first enzyme in the lysine catabolic pathway, the alpha-
aminoadipic semialdehyde synthase (AASS) enzyme has been suggested as a strategy
for the treatment of GAL. 1° Interestingly, deficiency in AASS, leads to hyperlysinemia
(MIM: 238700) considered a benign entity without apparent clinical consequences.

Therefore, inhibition of this specific enzyme would be a safe target in humans. 1012

In this study, we used Gcdh™ mice as a model of GA1, with the aim of developing a
gene therapy approach to inhibit AASS based on an artificial microRNA (miRNA)
targeting Aass transcript delivered by an adeno-associated virus 9 (AAV9) or AAVIP31.
We demonstrate that a single neonatal intravenous administration of AAV_miR_AASS
in Gedh™ mice prevents the accumulation of GA and 3-OHGA, mitigates striatal
damage, and rescues the lethal phenotype in mice fed in a High Lysine Diet (HLD). We
suggest that a substrate reduction therapy that limits the pathophysiological
manifestations of GA1 neurotoxic metabolites accumulation may be further explored as
a treatment option for GA1, with potential application to other inborn errors of lysine

metabolism.



100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

RESULTS

Artificial miR_AASS sequences efficiently inhibit AASS from a pri-miR-16
backbone

Four DNA sequences with 100% homology in the seed sequence between the
orthologous mouse Aass and human AASS genes were selected to design the artificial
MiRNAs (miR_AASS) (Figure S1A, S1C). These sequences also fit the criteria of: i)
targeting the structural domains of the protein, ii) exclusively binding to the target
sequence and iii) improving miRNA thermodynamic stability for optimal miRNA
biogenesis. 1314 Selected sequences were embedded in the pri-miR16 scaffold under the
control of the eukaryotic CAG promoter (Figure S1B). To evaluate the knockdown
efficiency of the different sequences, HEK293 cells were cotransfected with the
miR_AASS constructs (Figure S1B) and the pLuc_AASS or the pLuc_Aass reporter
cassettes. The reporter constructs beared a partial AASS or Aass cDNA containing the
target sequences fused to the Renilla Luciferase, in a backbone that contained Firefly
Luc, used to correct for transfection efficiency (Figure S1D). The four sequences
triggered human Luc_AASS inhibition in a range of 40-60%. Sequences 3 and 4 (miR_3,
miR_4) were the most effective leading to 90% and 75% inhibition, respectively, of
mouse Luc_Aass and were selected for future studies (Figure S1E). The higher
efficiency towards the mouse sequences could be related to the fact that the 22
nucleotide sequences, with 100% homology in the seed sequence (murine and human),
displayed perfect complementarity for the murine sequence and variable level of
mismatches for the human sequence (Figure S1C). Despite single nucleotide
mismatched are in general well tolerated for silencing efficacy, close to perfect
complementarities are considered the best. *>17 The general higher activity of seq 3 and
4 on both transcripts suggest higher accessibility to this region, since sequences 1 and

2 are located close to the 3’ end of the transcript, whereas sequences 3 and 4 cluster
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together and far from the 3’ end (Figure S1A). In fact, differences in the sequence

surrounding the target sites have been shown to modulate the efficacy. *°

To further assess the inhibitory capacity of miR_3 and miR_4 on human and mouse
endogenous AASS, we generated stable cells lines expressing the indicated sequences
in the murine NIH3T3 and the human SH-SY5Y cells. We observed similar inhibition of
both sequences in human AASS expression both at protein and RNA levels (Figures 1A
and 1B). However, miR_4 was more efficient inhibiting mouse AASS (Figures 1C and
1D). The high silencing efficiency of miR_4 may be attributed to its target sequence being
located within an exon, whereas the target site for miR_3 lies in an exon-exon junction.
Consequently, miR_4 activity may occur on both pre-mRNA and mature mRNA. In this
line, there are several reports describing that AGO molecules in the nucleus can
effectively regulate gene expression. 2! To confirm the specificity of miR_4 sequence,
we generated a miR_4sc construct bearing the same sequence 4 but in scrambled
organization and obtained NIH3T3 cells expressing miR_4sc (Figure S2A). Western blot
analysis confirmed that miR_4 but not miR_4sc downregulated AASS expression
(Figure S2B). To assess the effect of miR_4 on the AASS activity, we conducted an
enzyme assay based on the consumption of the NADPH substrate when cells were
stimulated with 10 mM lysine for 72h. WT but not miR_4 expressing cells were capable
of reducing NADPH consumption, indicating defective enzyme activity in miR_4
expressing cells (Figure 1E and 1F). Thus, the noticeable silencing effect of miR_4 and
their capacity to modulate AASS activity prompted us to select miR_4 for future in vivo

studies.

Correction of GA and 3-OHGA metabolite accumulation by inhibition of AASS
through AAV vectors encoding miR_AASS
We were interested to explore the potential benefits of AASS inhibition in glutaric aciduria

type I. The Gedh-/- mouse with complete loss of GCDH activity is a well-characterized
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animal model for GAl that reproduces the biochemical alterations present in GAl
patients. 16 We set out to study the capacity of rescuing the biochemical alterations in the
mouse model through the inhibition of AASS with an AAV9 vector containing the miR_4
sequence (from now named AAV9_miR_AASS). Moreover, since the AAVIP31 serotype
has been reported to target both liver and brain in adult mice we also generated
AAVIP31 miR_AASS (Figure 2A). 820 Young adult Gedh-/- mice 30-days old (P30) of
both sexes were treated with AAV9_miR_AASS or AAVIP31 miR_AASS by intravenous
(IV) delivery through tail vein injection (7.5 x 10*? vg/kg). Moreover, we also tested the
effects of AAV9 miR_AASS delivery after locoregional intracisternal magna
administration (CM) at 7.5 x 10%* vg/kg. Gcdh-/- mice receiving either vector were
euthanized 1-month post-treatment and the effects of RNA interference-based AASS
inhibition were assessed in the liver and the striatum, since these are the most affected
tissues in GA1 mice. Mature miR_AASS transcripts were detected in all the conditions
tested in liver, whereas they were not detected in the striatum of AAV9_miR_AASS
treated mice when administered intravenously (Figure 2B and 2C). However, IV
administration of AAVIP31_miR_AASS resulted in very high miR_AASS transcript in the
striatum, significantly higher than CM delivery of AAV9_miR_AASS (Figure 2C). Arange
of 40% to 50% inhibition of AASS expression was observed in the liver with all the
strategies (Figure 2D). However, in the striatum the knockdown efficiency varied
between the three strategies, with the AAV9P31_ miR_AASS knockdown showing the
strongest effect (Figure 2E). Analysis of the biochemical metabolites GA and 3-OHGA
confirmed increased concentrations in the liver and striatum of Gcdh-/- mice when
compared to WT animals. Treatment with AAV9_miR_AASS or AAVIP31_miR_AASS
reduced both GA and 3-OHGA accumulation in the liver. However, only
AAVIP31 miR_AASS treatment reduced metabolite content in the striatum, with
statistical significance for 3-OHGA, the most toxic metabolite accumulated in GAl
(Figure 2F and 2G). These results validate the intravenous administration of

AAVIP31 miR_AASS in adult GA1 mice to correct the metabolic defects in the striatum.
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These promising results were in accordance with recent findings of the use of this
modified serotype for the evaluation of CNS-directed therapies in mouse models. %°
Most untreated individuals in GA1 experience acute encephalopathic crises during the
first 6 years of life, what makes early therapy essential to prevent significant neurologic
injury. Thus, we decided to explore whether miR_AASS therapy when delivered IV at
neonatal stage (P1) could modulate the metabolite content. We decided to perform these
experiments with the vector based on the AAV9 serotype since previous studies have
shown that neonatal intravenous administration of AAV9 vectors is an efficient approach
to deliver AAV products to the striatum. 2222 Moreover, the translational value of the use
of this serotype in human patients has already been reported for a variety of disorders.
24

We tested two viral doses: a low dose of 7.5 x 10*? vg/kg and a high dose of 5 x 10%3
vg/kg and analyzed the effects 1-month post-treatment. Mature miR_AASS transcripts
were detected at the two doses in both liver and the striatum in a dose-dependent
manner (Figures 3A and 3B). Inhibition of the AASS protein was also observed at all
the doses tested, with a 70% knockdown in the striatum of mice receiving the highest
dose (Figure 3C and 3D). Interestingly, at the highest dose both GA and 3-OH GA
metabolites displayed reduced accumulation in the striatum (Figure 3F). The levels of
3-OH GA in the serum of mice treated with the highest dose were also reduced (Figure
S3). Curiously, no correction of liver metabolites was observed with either dose (Figure
3E). We also analyzed whether the inhibition of AASS had any impact on the Lysine
content. No differences in Lysine concentration neither in the liver nor in the striatum

were detected when applied the highest dose, (Figure S4).

Overall, we detected a dose-dependent AASS lowering in the striatum after intravenous
neonatal delivery of AAV9_miR_AASS with significant reduction of all the neurotoxic

metabolites after the highest dose of AAV9_miR_AASS tested.
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Neonatal delivery of AAV9_miR_AASS achieves long-term rescue of HLD-induced

brain damage and improves lifespan of Gedh-/- mice

Feeding Gcdh-/- mice at weaning with high lysine diet (HLD) or high protein diet induces
a severe phenotype with high accumulation of the toxic metabolites GA and 3-OHGA,
striatal neurodegeneration and limited mouse survival. 62526 Since AAV9ImMIiR_AASS
significantly reduced the accumulation of neurotoxic metabolites we also evaluated
whether an intravenous neonatal delivery of AAV9_miR_AASS could ameliorate the
harmful phenotype induced by HLD fed to Gcdh-/- mice. In wild-type mice, exposure to
high protein diet has been reported to induce an increase in AASS mRNA content
associated with higher enzyme activity. 2 Based on these observations we first analyzed
the impact of a 4-days HLD on the AASS expression. Both WT and Gecdh-/- mice exposed
to HLD displayed increased AASS protein levels in the liver as well as in the striatum
(Figure S5). This agreed with the intracellular need to accelerate lysine degradation in
a situation of lysine overload. However, this induction poses a very challenging scenario
to assess the AAV9_miR_AASS treatment. Nevertheless, we proceeded to investigate
the effects of AAV9 _miR_AASS therapy at short- term (1-month) and long-term (6-
months) post-administration upon HLD exposure (Figure 4A). For this, Gcdh-/- mice
were injected with 5 x 10*3 vg/kg of AAV9_miR_AASS at P1 and treated and non-treated
animals were placed at weaning on HLD or standard diet (SD) for 4 days or 5-months.
Gcedh-/- mice displayed typical symptoms associated to HLD exposure at this early stage
of development and only 40% of them survive over the 6-month period, whereas 87% of
Gcdh-/- mice treated with AAV9_miR_AASS survive during this time (Figure 4B). Body
weight monitoring over the 6-months period revealed that HLD caused a 15% decrease
in body weight during the first three days in untreated Gecdh-/- animals. Then, the average
body weight increased but never reached the values of WT mice. Mice that received
AAV9_miR_AASS showed a protection against the body weight decrease with a similar

percentile of growth to that of WT mice until day 60 when they began to gain weight more
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slowly, similar to the untreated group (Figure 4C). Some animals from all the groups
were euthanized at 1- or 6-months post-treatment and analyzed for AASS expression
and metabolite accumulation in the liver and striatum. Inhibition of AASS was very mild
in the livers of AAV9_miR_AASS at 1-month, and no signs of metabolite correction were
detected (Figures 5A and 5B). Despite undetectable AASS knockdown after 6-month
post-treatment a noticeable reduction in the content of GA and a tendency towards less
3-OHGA accumulation was observed in the liver of treated mice (Figures 5C and 5D).
Based on H&E staining, exposure to HLD, induced morphological alterations
characterized by mild bile duct hyperplasia in portal triads after 4-days HLD and marked
morphological changes in the parenchyma after 5-months of HLD, consisting of
anisokaryosis mixed with multinucleated-appearing hepatocytes, intranuclear
cytoplasmic invagination, apoptosis and infiltrates of inflammatory cells (Figure 6A).
Under SD regime, animals euthanized at 1-month did not show any histological
alterations, although at 6-months of age Gcdh-/- mice already displayed abnormal
hepatocyte morphology with cytoplasmic vacuolation, and signs of hepatocyte
intranuclear invagination and microgranulomas compatible with fatty liver.
AAV9 miR_AASS treatment resulted in a very mild amelioration of liver morphology in
mice exposed to SD diet for 6-months while it prevented the extensive liver damage
induced by HLD (Figure 6A). In line with diffuse hepatocellular fatty change findings at
Gcedh-/- mice on SD, the content of triglycerides in the serum of those mice were
increased when compared to WT mice and were normalized by AAV9_miR_AASS
therapy (Figure 6B). However, no clear alterations besides typical age-related effects
were observed for Alkaline Phosphatase (ALP) and cholesterol in SD fed mice (Figures
6C and 6D). In animals fed with HLD, we observed an increase in ALP activity in Gedh-
/- mice independent of age with no sign of amelioration by the therapeutic vector.
Consistent with marked liver alterations in Gcdh-/- with HLD exposure, cholesterol levels
at 1- and 6-months and also triglycerides in 1-month group were significantly decreased

in Gedh-/- mice. Interestingly, treatment with AAV9_miR_AASS in Gcdh-/- mice on HLD

10
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was associated with a partial rescue of cholesterol levels in serum, more clearly visible

in 1-month animals.

Interestingly, in the striatum an AASS inhibition could be detected at the two time-points
analyzed that correlated with a significant reduction in the GA and 3-OHGA content both
at l-and 6-months post-treatment (Figures 7A-7D). These results suggest that
sustained inhibition of AASS for 6-months in the striatum could be sufficient to prevent

HLD-induced metabolite accumulation.

Histopathological analysis of striatum confirmed previous observations of irregular
vacuolation with increased vacuole size after chronic feeding with HLD for 5-months. 2328
Interestingly, AAV9_miR_AASS prevented large vacuole formation (Figure 8A).
Astrocyte damage analyzed by Glial Fibrillary Acidic Protein (GFAP) immunostaining
showed abundant GFAP in Gedh-/- mice fed with HLD, in line with a diet-induced gliosis,
that was rescued by the therapy (Figure 8B). A progressive hypomyelination in Gcdh-/-
mice fed with HLD was detected by Myelin Basic Protein (MBP) immunostaining after a
4 days- or 5-month diet regime. AAV9_miR_AASS therapy showed a tendency to

prevent hypomyelination (Figure 8C).

Importantly, no virus- or sequence-related histopathological changes were observed
neither in the striatum nor in the liver upon administration of the AAV9 _miR_Sc

suggesting no adverse events related to the vector (Figure S6).

Altogether, these results suggest that AAV9_miR_AASS effectively reduced AASS, by
lowering the neurotoxic metabolite accumulation leading to therapeutic benefits in a diet-

induced GAL1 preclinical model.

11
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DISCUSSION

GALl is an inherited metabolic disorder due to mutations in the GCDH gene causing
GCDH deficiency and an impairment in lysine degradation. This deficiency leads to
disease-specific neurotoxic catabolites accumulation primarily in the central nervous
system. %6 In the present work, we evaluated the potential of a substrate reduction
therapy targeting AASS, the first enzyme of the lysine catabolic pathway, through the
single administration of AAV9_miR_AASS in a preclinical mouse model of GA1. Our data
demonstrate that systemic administration of the therapeutic vector at neonatal age
prevented the accumulation of neurotoxic metabolites, mitigated tissue damage in Gedh-

/- mice subjected to a HLD regimen, and improved survival.

We initially designed four different artificial miRNAs embedded in the pri-miR16 scaffold
for AASS silencing, as its genomic context has been described to be highly functional for
inducing gene silencing. 2° Previous studies have shown that pri-miR-16 was an optimal
RNA substrate both in functional assays 303! and at structural level in complex with
miRNA processing factors, 3233 suggesting pri-miR-16 adequacy as a robust backbone.
The use of artificial mMiRNAs as an RNA interference approach was selected beyond
siRNA or pol-1ll driven shRNAs for its feasibility of inducing a highly efficient and stable
targeted silencing avoiding any toxicity associated to high levels of mature inhibitory
RNAs. 3435 We demonstrated in both human and murine cell lines the capacity of the
candidate miR_4 of reducing AASS mRNA, protein expression and enzymatic activity,
slowing down the catabolism of lysine. Also, miR_4 targeting specificity was assessed
by miR_4_Sc assays, confirming that miR_4 guide strand was the responsible for AASS

silencing.

In the in vivo studies performed, AAV serotype 9 capsid was selected due to its tropism
to the brain, which is the mainly target tissue in GA1. 3¢ We also worked with a modified

serotype 9 AAV (AAV9IP31), which has been reported to be very efficient in crossing the

12
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blood brain barrier in adult mice compared to AAV9. 2037 AAV9_miR_AASS intravenous
administration at neonatal (P1) age but not at young-adult (P30) showed optimal
biodistribution and silencing efficiency of AASS in striatum. This could be related to the
fact that systemic AAV9 administration at advanced post-natal stages has limited
transduction to CNS, due to the reduced capacity of AAV9 to optimally cross the BBB.
23,38 |n contrast, at neonatal stages, when BBB is not yet fully formed, transduction of the
vector into the CNS can be achieved. 3°4° Alternatively, AAV9 variants with enhanced
CNS transduction could be used. In fact, we observed that the systemic administration
of the AAVIP31_miR_AASS in P30 mice efficiently reached both liver and striatum and
induced AASS downregulation. Although this modified serotype raises the problem of
the lack of BBB bypass in humans, limiting its translational potential, at the same time
highlights the need to expand efforts to identify BBB-penetrant capsid variants for clinical

use. 20,41

To increase CNS-targeted delivery in young adult mice, locoregional administration via
cisterna magna could be an option. 4> AAV9_miR_AASS delivery showed improved
transduction and AASS targeting to striatum compared to IV administration, however it
was insufficient to reduce metabolite accumulation, at least 1-month post-treatment,
again highlighting either the use of AAV9P31 miR_AASS serotype or the neonatal
delivery of AAV9 _miR_AASS as the optimal strategies to correct alterations in the

striatum of GA1 mice.

Systemic administration of AAV9_miR_AASS in neonatal mice was in fact more efficient
in the striatum than the liver, since at 1-month post-treatment we already observed the
preventive effect on the accumulation of metabolites GA and 3-OHGA in the striatum at
all the conditions studied, whereas in the liver we only observed the preventive effect
after 6-months post-treatment, again supporting the relevance of an early administration
time for impacting the CNS with AAV9 vectors (Figure S7). At the same time, we have

to consider the effect of organ growth in diluting the inhibition of AASS in the liver,

13
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although interestingly the low metabolites concentrations observed at long-term in
AAV9 miR_AASS treated mice indicated that even small inhibition of AASS can have
an impact on the accumulation of metabolites for an extended period of time. Recent
data, on a series of transplantation experiments have shown that hepatic lysine
catabolism directly affects the accumulation of toxic metabolites in the brain of a GA1
mouse model. ! Our strategy of neonatal delivery was particularly focused in targeting
the brain and although we also had some effects in the liver we are not able to

discriminate about the individual contribution from either organ.

Exposure of Gedh-/- mice to HLD, led to biochemical and neuropathological alterations
that resemble the encephalopathic episodes that occur in individuals with GAl as
previously described. 2526 Of notice, HLD overload, resulted in elevated levels of AASS
protein expression in liver and striatum in both, WT and Gcdh-/- mice consistent with
previous descriptions, reporting post-translational regulation of AASS under high lysine
or high protein conditions in several animals and plant species. 2”43 Despite this side
effect, neonatal administration of AAV9_miR_AASS in Gcdh-/- mice exposed to HLD led
to significant AASS and metabolite reduction in striatum, up to 6-months post-treatment,

suggesting the potential of the therapy to counteract the induction of AASS by HLD.

Striatum histopathological analysis revealed progressive vacuole formation bordered by
reactive astrocytes and loss of myelin in Gedh-/- mice exposed to HLD for five months,
compared to SD groups in line with previous reports.?>44-4¢ |nterestingly,
AAV9_ miR_AASS treated mice almost completely rescued the neurological phenotype,
suggesting that therapy provides a neuroprotective effect against HLD-induced striatal

injury.

The HLD feeding also impacted liver pathology and functionality in the GA1 model.
Remarkable hepatotoxic effects were observed in Gedh-/- mice, with signs of hepatocyte

damage and generalized inflammation after long-term exposure. Probably, early events,
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observed after 4 days of HLD already indicating liver dysfunction such as alterations in
ALP and cholesterol levels contributed to the histopathological defects observed after 5
months of continuous HLD. Altered cholesterol levels are frequently found in the context
of hepatic diseases, since the liver is a central regulator of cholesterol homeostasis.*’
Interestingly, our results showed an amelioration of cholesterol decrease in the
AAV9 _miR_AASS treated group, suggesting that impairment of metabolism was less
pronounced, which was also supported by the histopathological findings in the liver of
Gcdh-/- treated mice 6-months post-treatment. Moreover, aging of GA1 mice under SD
already altered liver function, showing elevated triglycerides levels and hepatocellular
fatty changes observed in 6-months old mice suggesting that long-term Gcdh deficiency
effects on liver metabolism, cause impaired cellular energy metabolism 2348,
Interestingly, AAV9_miR_AASS prevented triglycerides accumulation, in line with the

halt in toxic metabolite accumulation.

The current data indicate that AASS inhibition by artificial miRNA could be postulated as
a therapy for GA1. AAV9_miR_AASS neonatal systemic administration has proven to be
efficient in the transduction to the target tissues of GA1, preventing metabolites
accumulation, protecting against neuropathology and extending survival. Considering
that GALl is characterized by an early onset of the disease, the present therapeutic
proposal would allow an early non-invasive intervention before the patient is at risk of
suffering acute encephalopathic crises. Being an optimal scenario the administration of
this treatment after disease detection through the neonatal screening programs.
Furthermore, this strategy of substrate reduction could be also considered as a
therapeutic approach for pyridoxine-dependent epilepsy (PDE; MIM # 266100) %12, a
disease of lysine metabolism due to defects on the third enzyme of the catabolic pathway
(AASA), in which the accumulation of toxic metabolites are responsible for the
appearance of neurological symptoms. Thus, by avoiding the catabolism of lysine

through the inhibition of the initial step of this metabolic pathway, the accumulation of
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MATERIALS AND METHODS

AASS target sequences and DNA constructs. Homo sapiens and Mus musculus
AASS and Aass transcripts (ENST00000417368.7 and ENSMUST00000031707.14)
obtained from http://www.ensembl.org were used to identify target sequences for AASS
knockdown (miR_AASS). To generate the pri-miR_AASS constructs, miRNA sequences
targeting AASS/Aass transcripts were embedded into the human pri-miR-16 backbone;
300bp of double-stranded DNA fragments were obtained as gBlocks™ Gene Fragments
(Integrated DNA Technologies) and cloned into the pAAV-CA (Plasmid # 69616,
Addgene), containing the CAG promoter (chimeric promoter with the CMV enhancer and
the chicken pB-actin promoter) to generate 4 plasmids pAAV9-miR_AASS with
sequences 1-4. A control pAAV9-miR_Sc plasmid was generated with a scrambled
organization of sequence 4.

Luciferase reporter constructs with human and mouse AASS/Aass cDNA sequences
were obtained by cloning the cDNA fragments in the 3'UTR of the Renilla Luciferasa
gene of the psiCHECK-2 vector (Promega).

All plasmid sequences were validated by Sanger sequencing.

AAV vector generation. AAV9 _miR_AASS, and AAV9 miR_Sc viral vectors were
generated from pAAV9-miR_AASS and pAAV9-miR_Sc backbones in an AAV9 capsid.
AAV vectors were produced according to standard procedures at the Viral Vector
Production Unit (UPV), Autonomous University of Barcelona.

AAVIP31 miR_AASS vectors were generated from pAAV9_miR_AASS backbones in

the AAVIP31 modified capsid and produced at CIMA Universidad de Navarra.

Cell culture and transfections. HEK293T, NIH 3T3 and SH-SY5Y cell lines were
obtained from the American Type Culture Collection (ATCC). miR_AASS and miR_Sc

cell lines were established by co-transfecting the parental cells with pAAV9-miR_AASS
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or pAAV9-miR_Sc expression constructs and the plasmid p_BABE_puro (Addgene) at
ratio 10:1. At 48 hours after the co-transfection, cells were selected with puromycin (2.5
pug/ml), and individual clones were subsequently isolated and expanded. Three clones
for each cell line were used for the validation experiments.

All cell lines grew as adherent cultures and were maintained in a humidified atmosphere
of 5% CO2 at 37°C. HEK293T and NIH 3T3 cells were cultured in DMEM (Gibco ™
Dulbecco's Modified Eagle Medium; Thermo Fisher Scientific), and SH-SY5Y in
Advanced DMEM/F-12 (Life Technologies) supplemented with 10% serum fetal bovine
serum (Gibco Fetal Bovine Serum; Thermo Fisher Scientific), 2 mM glutamine, 100 U/mL
penicillin and 100 mg/mL streptomycin. Cells obtained from the ATCC were expanded
and frozen. Every 2 months cells were plated from the original batch. Cells were not
authenticated by the authors. Interspecies contamination was tested by PCR routinely.
Transfections were performed with Lipofectamine 3000 reagent (Invitrogen) for HEK
293T and NIH 3T3, and CalPhos™ Mammalian Transfection Kit (Clontech®

Laboratories) for SH-SY5Y, according to the manufacturer’s instructions.

Luciferase assays. HEK293T cells were co-transfected with pAAV-miR_AASS
expression constructs and luciferase reporters that contains both the RLuc gene fused
to mouse and human AASS/Aass cDNA and the FLuc gene. Transfected cells were
assayed at 72h post-transfection and cell lysates were analysed using Dual-Luciferase

Reporter Assay System (Promega), according to the manufacturer’s instructions.

Indirect measurement of AASS activity. NIH 3T3 and SH-SY5Y cells were cultured in
the absence or presence of 10 mM lysine for 72h, to stimulate the catabolism of the
amino acid, and therefore the activity of AASS. Cell lysates were obtained after adding
a lysis buffer (Passive Lysis Buffer, Promega) on the cell culture and incubating them at

-80°C for 1h. NADPH consumption was analyzed using a bioluminescence assay,
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NAD(P)H-Glo™ Detection System (Promega) according to the manufacturer’s

instructions.

Mature miR_AASS quantification. microRNA isolation was performed from frozen
tissue using miRNeasy® Mini Kit (Qiagen). To determine miR_AASS mature microRNA
molecule levels, the TagMan MicroRNA Reverse Transcription kit (Applied Biosystems)
and gene specific RT primers to target miR_AASS mature guide strand were used. As a
housekeeping, miR_U6 was also amplified using specific RT primers. Mature miR_AASS
and miR_U6 molecules were quantified by performing RT-gPCRs using TagMan
Universal PCR MasterMix (Thermo Fischer Scientific), on a QuantStudio 7 (Applied

Biosystems) thermocycler.

RT-gPCR of AASS/Aass mRNA.

Total RNA extraction was performed using RNeasy® Min Kit (Qiagen). The synthesis of
single-stranded complementary DNA (cDNA) was performed using PrimeScript RT-PCR
Kit (Takara) according to the manufacturer’s protocols.The levels of mMRNA expression
were analysed by quantitative PCR using specific primers to determine AASS and HPRT
as a housekeeping (Table S1). PCR was performed using LightCycler® 480 SYBR

Green (Roche) on a QuantStudio 7 (Applied Biosystems) thermocycler.

Western blot analysis. Protein extracts were obtained using lysis buffer (10 mM Tris-
HCI [pH 6.8], 4% SDS, and 20% glycerol) containing 1% Complete Mini Protease
Inhibitor (Roche). Lysates were boiled for 10 min at 98°C and centrifuged 5 min at
16,000 x g. Protein concentration was determined by BCA Protein Assay kit
(ThermoFisher Scientific). Protein samples were resolved in 10% SDS-PAGE and
transferred to PVDF membranes by standard methods. Membranes were blocked with
TBS-Tween 10% milk (1 h at room temperature), immunoblotted with the corresponding

antibody (Anti-AASS HPA020734; Anti-GAPDH ABS16) diluted in TBS-Tween 1% milk,
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rinsed with TBS-Tween, and incubated with a polyclonal goat anti-rabbit HPR-
conjugated antibody (1/2000 in TBS-Tween 1% milk, 1h at room temperature). Antibody
labelling was detected by ECL Amersham Prime Western Blotting Detection Reagent

(GE Healthcare Life Sciences).

Biochemical analysis. Tissue extracts were obtained through mechanical
homogenization. Briefly, liver and striatum from mice were Dounce homogenized (20
strokes) in lysis buffer (225mM Manitol, 75mM Sucrose, 10mM Tris-HCI and 0.1mM
EDTA) on ice. Tissue homogenates were centrifuged twice at 650g for 20 min at 4°C to
remove cell debris and nuclei. Protein concentration was determined using a BCA assay.
For glutaric acid and 3-OH-glutaric analysis, an aqueous solution containing the
deuterium labeled internal standards GA-d4 and 3-OH-GA-d5, was added to the
homogenized tissue or serum samples. Compounds were extracted using an Oasis HLB
96-well Plate and eluted using an acetonitrile/methanol (90/10) phase, after formic acid
at 0,4% solution was added to facilitate the ionization. Chromatographic separation was
done on an ACQUITY UPLC system (H-Class, Waters, MA, USA)-XevoTQS with an
ACQUITY Premier BEH C18 Column (1.7 um, 2.1 x 100 mm). The flow rate was set to
320 pL min-t using a binary mixture of solvent A (water with 0.1% formic acid) and solvent
B (methanol with 0.1% formic acid). Values were quantified with Targetlynx Software
(Walters) using a calibration curve and normalized for protein content in case of tissues.
Lysine was measured using amino acid profile analysis by ultra-high-performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS) with the MassChrom®
AA analysis kit. Briefly, liver and striatum tissue were homogenized in 100 pL of ultrapure
water. Then, 25 uL of the homogenate were mixed with 50 uL of a labeled amino acid
mixture (including labeled lysine), used as an internal standard, and 375 pL of a protein
precipitation reagent. After centrifugation, 6 puL of the supernatant were injected into the
UHPLC-MS/MS system (Shimadzu Nexera UHPLC — Sciex 5500+ QTRAP, AB SCIEX,

USA). Chromatographic separation was performed using an analytical column
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(Chromsystems, CH-75100, Grafelfing, Germany). The mobile phase gradient, flow rate,
and mass spectrometry parameters were used as specified in the kit protocol. The mass
spectrometer operated with electrospray ionization in positive ion mode using multiple
reaction monitoring (MRM). Calibration curves were constructed by linear regression
analysis of the ratio of the peak area of each amino acid to that of the corresponding
labeled internal standard. Quantification was performed using SciexOS software
(Framingham, USA), and results were expressed in nmol/mg of protein, after protein

normalization.

Animal procedures. Gcdh-/- mice were purchased from the Mutant Mouse Resource
and Research Center (MMRRC) strain ID 34368 and maintained in an SPF animal facility
in a 12h dark-light cycle. Mice were fed ad libitum with a standard diet (SD) or a high
lysine diet (HLD) 4,7% Lys (ENVIGO) when stated. Animals were placed in HLD at 3-
week-old weanling. Blood samples were collected by intracardiac puncture and mice

were sacrificed 1- or 6-months post-treatment.

Gcedh-/- mice were injected in the temporal vein (neonatal), tail vein (young adult) or
cisterna magna with 5x10*3vg/kg or 7,5x10%*? vg/kg of AAV9_miR_AASS, AAV9_miR_Sc
or AAVOP31 miR_AASS. Neonatal injections and cisterna magna administrations were

performed following the previously described protocol 2249,

Animal procedures met the guidelines of European Community Directive 86/609/EEC
and the local legislation (Decret 214/1997 of July 20™ by the Department d’Agricultura,
Ramaderia i Pesca de la Generalitat de Catalunya) under the approval of the

Experimental Animal and Ethical Committee of the University of Barcelona (CEEA).

Histological preparation and Immunohistochemistry analysis. Mice were

transcardiacally perfused with 1% PBS followed by 4% paraformaldehyde. Brains and
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livers were removed and postfixed in 4% paraformaldehyde for 24h at 4°C and
embedded in paraffin. Serial 6 uym brain coronal and liver sections were collected on
glass slides and standard hematoxylin and eosin stainings were performed.

For IHC sections were processed for antigen retrieval in citrate buffer (Citrate Buffer 10x
pH 6.0 10x Sigma-Aldrich) at 100°C (boiling point) for 5 min in a pressure cooker.
Sections were treated with a blocking solution (PBS 1x, 10% FBS, 1% BSA, 0.3% triton
X-100) for 1’5 h at room temperature and incubated overnight at 4°C with primary
antibodies (Anti-Glial Fibrillary Acidic Protein (GFAP), G3893, Sigma-Aldrich; Anti-NeuN,
clone A60, Sigma-Aldrich and anti-Myelin Basic Protein (MBP), clone SMI 94, Biolegend)
diluted in PBS with 0.1% BSA. Endogenous peroxidase was blocked with Dual
Endogenous Enzyme Block (Dako) for 10 min at room temperature. The reaction was
developed using Dako EnVision + Dual Link System-HRP (DAB+) (Dako), and tissues
were counterstained with Harris hematoxylin (Panreac). Stained sections were

visualized with an Olympus BX51 vertical microscope and digitalized with a ScanScope.

Serum clinical biochemistry analysis: Frozen serum samples were thawed, diluted
1.2 with deionized water throroughly mixed and afterwards centrifuged (5000xg, 10 Min
at 8°C) to remove clots before being analyzed for alkaline phosphatase activities,
cholesterol and triglyceride levels using an AU480 Clinical chemistry analyzer (Beckman

Coulter) and test kits provided by Beckman Coulter as previously described 5°

Statistical analysis. Experimental data are represented by the mean £ SEM of at least
three independent experiments. Statistical analysis was performed on GraphPad Prism
v8.0.1 (GraphPad Software). Statistical differences were evaluated using a 2-tailed non-
parametric Mann-Whitney test. P < 0.05 was taken as the level of significance. Mice
survival was analyzed by the Kaplan-Meier method and evaluated with a long-rank

(Mantel-Cox) test.
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FIGURE LEGENDS

Figure 1. In vitro validation of AASS knock-down by miR_AASS constructs. (A-B)
Western blot and mRNA analysis of AASS in WT, miR_3 and miR_4 SH-SY5Y cell lines.
(C-D) Western blot and mRNA analysis of AASS in WT, miR_3 and miR_4 NIH-3T3 cell
lines. Quantification of AASS from different clones (n = 3). (E-F) Indirect measurement
of AASS enzymatic activity, by luminescence assay determining the NADPH
consumption in cell lysate. WT and miR_4 3T3 and SH-SY5Y cell lines, were cultured in
the absence or presence of 10 mM lysine for 72h. NADPH consumption was directly
proportional to AASS enzymatic activity. Data are expressed as the means + SEM.
Significance was assessed using a two-tailed Mann—Whitney test; *p < 0.05, **p < 0.01,

% < 0.001.

Figure 2. Optimization of young adult administration of AAV-miR_AASS in Gcdh-
/- mice to induce efficiently AASS knock-down. AAV-miR_AASS was injected at a
dose (7.5 x 10'? vg/kg) into 1-month old mice using three procedures: intravenous
administration via tail vein of AAV9 and AAV9P31 miR_AASS, and via cisterna magna.
Analysis was performed 1-month post-treatment. (A) Schematic representation of
AAV_miR_AASS. (B-C) Mature miR_AASS guantification in liver and striatum lysates
(n=6-8). (D-E) Western blot analysis of AASS in liver and striatum lysates. Quantification
of AASS from different individuals (n = 6). (F-G) GA, and 3-OH GA were measured in
WT, Gcdh-/- saline, and Gecdh-/- AAV-miR_AASS treated mice in the liver and striatum
(n=6-8). Data are expressed as the means + SEM. Significance was assessed using a

two-tailed Mann—Whitney test; *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 3. Neonatal intravascular administration of AAV9_miR_AASS in Gcdh-/-
mice induces efficiently AASS knock-down AASS in striatum. AAV9_miR_AASS

was injected at two doses (7.5 x 102 or 5 x 10*3 vg/kg) into 1-2 days old mice via
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temporal vein. Analysis were performed 1-month post-treatment. (A-B) Mature
miR_AASS quantification in liver and striatum lysates (n=6-8). (C-D) Western blot
analysis of AASS in liver and striatum lysates. Quantification of AASS from different
individuals (n = 6). (E-F) GA, and 3-OH GA were measured in WT, Gcdh-/- saline, and
Gcedh-/- AAV9_miR_AASS treated mice in the liver and striatum (n=6-8). Data are
expressed as the means + SEM. Significance was assessed using a two-tailed Mann—

Whitney test; *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 4. Rescue of weight loss and extended survival following neonatal
intravascular administration of AAV9 miR_AASS in Gcdh-/- mice.
AAV9 miR_AASS was injected at dose (5 x 10%° vg/kg) into 1-2 days old mice via
temporal vein. (A) Scheme of the study. (B) Kaplan-Meier analysis of survival in Gedh-
/- saline and Gcdh-/- AAV9_miR_AASS mice on HLD after weaning (n=12-20). (C)
Mouse body weight monitorization in WT, Gedh-/- saline, and Gedh-/- AAV9-miR_AASS

mice on HLD after weaning. Measures were taken from weaning to 6-months (n=12-20).

Figure 5. Partial prevention of long-term metabolite accumulation in the liver
induced by HLD following neonatal intravascular administration of
AAV9 miR_AASS in Gcdh-/- mice. AAV9_miR_AASS was injected at dose (5 x 103
vg/kg) into 1-2 days old mice via temporal vein. At weaning, animals were placed on HLD
diet for 4 days or 5-months. Analysis was performed 1- and 6-month post-treatment.
(A,C) Western blot analysis of AASS in liver lysates at 1- and 6-months. Quantification
of AASS from different individuals (n = 6). (B,D) GA, and 3-OH GA were measured in
WT, Gcdh-/- saline, and Gedh-/- AAV9_miR_AASS treated mice in the liver at 1-and 6-

months (n=6-8).

Figure 6. Slight prevention of liver morphological and functional alterations

following neonatal intravascular administration of AAV9_miR_AASS in Gcdh-/-

33



866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892

mice. (A) Representative images of Hematoxylin & eosin (H&E)-stained liver sections in
the indicated groups of mice at 1-and 6-months (scale bar: 50 um). (B, C, D)
Triglycerides, alkaline phosphatase activity and cholesterol levels were measured in
serum of WT, Gcdh-/- saline, and Gedh-/- AAV9 _miR_AASS treated mice at 1- and 6-
months fed on SD and HLD, respectively. Data are expressed as the means + SEM.

Significance was assessed using a two-tailed Mann-Whitney test; *p < 0.05, **p < 0.01.

Figure 7. Neonatal intravascular administration of AAV9_miR_AASS in Gcdh-/-
mice prevents from HLD-induced metabolite accumulation in the striatum at 1-and
6-months post-treatment. AAV9_miR_AASS was injected at dose (5 x 10% vg/kg) into
1-2 days old mice via temporal vein. At weaning, animals were placed on HLD diet for 4
days or 5-months. Analysis was performed 1- and 6-month post-treatment. (A,C)
Western blot analysis of AASS in striatum lysates at 1-and 6-months. Quantification of
AASS from different individuals (n = 6). (B,D) GA, and 3-OH GA were measured in WT,
Gcdh-/- saline, and Gedh-/- AAV9_miR_AASS treated mice in the striatum at 1- and 6-
months (n=6-8). Data are expressed as the means + SEM. Significance was assessed

using a two-tailed Mann—Whitney test; *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 8. Correction of striatal injury following neonatal intravascular
administration of AAV9_miR_AASS in Gcdh-/- mice. Representative images of
immunostaining of brain sections in the indicated groups of mice at 1- and 6-months. (A)
Hematoxylin & eosin (H&E) staining shows progressive vacuolation in Gedh-/- HLD mice
(scale bar: 100 um). (B) Immunohistochemistry with an specific antibody for the astrocyte
marker GFAP (scale bar: 100 um). (C) Immunostaining of brain sections from the same
cohorts with myelin marker MBP (scale bar: 100 um). Quantifications were performed on
striatum regions with 1 section/mouse, digitalized with a ScanScope slide scanner, and

analysed with QuPath 0.5.0 software (n=4). Results are presented as percentage of
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893  vacuole area, GFAP-positive cells, or area of MBP staining. Data are expressed as the
894 means + SEM. Significance was assessed using a two-tailed Mann—-Whitney test; *p <
895  0.05, **p < 0.01, **p < 0.001.
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This study presents a substrate reduction therapy targeting the alpha-Aminoadipic
Semialdehyde Synthase (AASS) enzyme, in the lysine catabolism as a therapeutic approach
for glutaric aciduria type 1 (GALl). It develops an artificial microRNA recognizing AASS.
Neonatal delivery of AAV9_miR_AASS in a GA1 mouse model ameliorates their phenotype

and expands survival.



