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Dear Families,

Thank you for subscribing to the Coughlin Lab PDE newsletter. We are grateful to have you
as part of our community. 

We hope everyone had a wonderful holiday spent with family and friends. 

NEWS:
We are thrilled to share that the CurePDE fundraiser for the siRNA study raised an incredible
$107,090. A heartfelt thank you to everyone who donated, shared the fundraiser, and cheered
on the effort. Your support and belief in this work mean more than we can say. We would also
like to extend a special thank you to Anastasia and CurePDE for the generous $50,000
matching contribution, which made this milestone possible. 

We are also excited to announce an upcoming webinar in Spanish for our Spanish-speaking
families, hosted by our PhD student Nicole, on June 2 at 10:00 AM MST. Nicole will provide
a brief introduction to the Coughlin Lab and the projects currently underway, followed by a
live Q&A where parents are welcome to ask any questions they may have. The webinar will
be recorded and shared on the CurePDE YouTube channel, where it can be viewed with
English subtitles. 

UPDATES ON RESEARCH:
This recent paper by van Karnebeek et al., describes the development of an Aass/Aldh7a1
double knockout (DKO) mouse model. In this study, metabolite levels in the brain and liver
were compared across wild-type mice, Aass knockout mice, Aldh7a1 knockout mice, and the
double knockout model.

The enzyme AASS was chosen as a treatment target because people who lack this naturally do
not develop serious symptoms. When AASS was inactivated in the mouse model with PDE,
levels of the disease-related metabolites, 6-oxo-pipecolate (6-oxo-PIP) and 2-OPP, returned to
normal in both the brain and liver. In addition, levels of P6C and pipecolic acid were reduced
to amounts similar to those seen in mice lacking only AASS, representing about a two-fold
decrease compared to mice with PDE alone.

Together, these findings provide strong evidence that inhibiting AASS can reduce neurotoxic
metabolites in PDE-ALDH7A1 mice, supporting the promise of upstream therapeutic
strategies. A PDF of the article is attached for those interested in reading more. Email me if
you have any questions. 

LAB UPDATES:
In parallel with these encouraging findings, progress in the lab continues across several fronts.
Mice for the siRNA study are breeding well, and we have successfully generated new
offspring from our aging PDE knockout mice. These animals are now being bred to establish
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New treatment for pyridoxine-dependent 
epilepsy due to ALDH7A1 deficiency: first 
proof-of-principle of upstream enzyme 
inhibition in the mouse


Clara D. M. van Karnebeek,1*†‡ Valérie Gailus-Durner,2,*‡ Udo F. Engelke,3,*†


Claudia Seisenberger,2,* Susan Marschall,2,* Nathalia R. V. Dragano,2,4,*
Patricia da Silva-Buttkus,2,* Stefanie Leuchtenberger,2,* Helmut Fuchs,2,*
Martin Hrabě de Angelis,2,4,5,* Ron A. Wevers,3,*† Curtis R. Coughlin6,*
and Dirk J. Lefeber3,7,*†


* On behalf of the CHARLIE Consortium.
† On behalf of the United for Metabolic Diseases Consortium.
‡ These Authors contributed equally to this work.


Pyridoxine-dependent epilepsy (PDE) due to recessive ALDH7A1 mutations is characterized by intractable epilepsy that is often un
responsive to antiseizure medications. Irrespective of pyridoxine (vitamin B6) supplementation and lysine reduction therapy, patients 
present severe residual neurocognitive deficits. We evaluated upstream inhibition of 2-aminoadipic semialdehyde synthase (AASS) as a 
novel therapeutic strategy to reduce the accumulating metabolites (α-aminoadipic semialdehyde, Δ1-piperideine-6-carboxylate, pipe
colic acid, 6-oxo-pipecolic acid and 2S,6S-/2s,6R-oxopropylpiperidine-2-carboxylic acid) considered neurotoxic. We utilized an ex
isting mouse knockout model of hyperlysinaemia (Aass-knockout) and generated a PDE model, a Aldh7a1 single knockout model via 
CRISPR/Cas (clustered regularly interspaced short palindromic repeats and CRISPR-associated protein) and generated the double- 
knockout Aass/Aldh7a1 mice. Next-generation metabolomics screening was performed to measure all known biomarkers in brain, 
liver and plasma of wild-type and mutant mice. Metabolomics confirmed the known metabolite markers for Aldh7a1-knockout 
and Aass knockout mice in all samples. The potentially neurotoxic metabolites (Δ1-piperideine-6-carboxylate, pipecolic acid, 6- 
oxo-pipecolic acid and 2S,6S-/2s,6R-oxopropylpiperidine-2-carboxylic acid) significantly decreased in double-knockout Aass/ 
Aldh7a1 mice brain and liver tissues compared to Aldh7a1-knockout mice. Plasma analysis revealed a significant reduction of known 
biomarkers, suggesting a reliable monitoring option in human patients. We demonstrate the first mammalian evidence that AASS in
hibition is a viable strategy to rescue abnormal brain metabolism associated with PDE. This may target the intellectual disability and 
neurologic deficits caused by persistent lysine catabolic-related neurotoxicity despite adequate vitamin B6 supplementation.
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Graphical Abstract


Introduction
Pyridoxine-dependent epilepsy (PDE-ALDH7A1) is a metabolic 
encephalopathy characterized by an intractable epilepsy that is 
often unresponsive to antiseizure medications.1,2 Treatment 
with pharmacologic doses of pyridoxine (vitamin B6) results in 
clinical improvement and long-term seizure control, although 
intellectual and developmental disability (IDD) persist for the 


majority of patients.3 The degree of cognitive impairment does 
not correlate with time of seizure onset or severity suggesting 
a separate disease mechanism for the IDD.3,4


PDE-ALDH7A1 is caused by the deficiency of α-aminoadipic 
semialdehyde (α-AASA) dehydrogenase, the enzyme that oxi
dizes α-AASA to α-aminoadipic acid within the lysine degrad
ation pathway.5 This enzyme deficiency results in the chronic 
accumulation of α-AASA, Δ1-piperideine-6-carboxylate (P6C), 
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pipecolic acid and related metabolites (Fig. 1).6,7 The most com
monly held view is that one or more of the accumulating highly 
reactive metabolites are neurotoxic and contribute to the IDD 
phenotype.8 Current treatment includes adjunct lysine reduction 
therapies (LRTs) to pyridoxine in order to decrease α-AASA and 
related metabolites,2 which is associated with significant cogni
tive improvement compared to treatment with pyridoxine 
alone.9 Pyridoxine and LRTs at any age is associated with 
mild improvement—but not normalization—in developmental 
testing, and depended also on age with the most profound effect 
if initiated in early infancy. Although these results are encour
aging, developmental outcomes are still poor. Lysine is an essen
tial amino acid requiring some dietary intake and limiting our 
ability to eliminate the accumulation of neurotoxic metabolites. 
Moreover, life-long consumption of medical formula negatively 
impacts patient quality of life highlighting the need for new 
treatment approaches.10


Pharmacologic inhibition of an upstream enzyme to reduce 
accumulation of toxic metabolites has been successfully used 
to treat other inherited metabolic disorders (IMDs), most not
ably tyrosinaemia type I.11 Theoretically, such an approach 
would reduce the accumulation of neurotoxic metabolites in 
PDE-ALDH7A1 and provide an alternative to nutritional ther
apies. The 2-aminoadipic semialdehyde synthase (AASS) en
zyme is an intriguing pharmacologic target. AASS is a 
bifunctional enzyme with two domains: the lysine-ketoglutarate 


reductase (LKR) that converts lysine to saccharopine and the 
saccharopine dehydrogenase (SDH) that oxidizes saccharopine 
to α-AASA.12 Patients with mutations in the LKR domain spe
cifically have a benign biochemical disorder of hyperlysinae
mia.13,14 Furthermore, pre-clinical studies have demonstrated 
the utility of inhibiting AASS for other disorders of lysine metab
olism such as glutaric aciduria type I.15


To address the unmet medical need for PDE-ALDH7A1 and 
develop more effective therapies we evaluated the efficacy of up
stream enzyme inhibition in mice. We utilized an existing knock
out (KO) mouse model of hyperlysinaemia15 and generated a 
PDE-mouse model by clustered regularly interspaced short pal
indromic repeats and CRISPR-associated protein (CRISPR/Cas) 
technology. In our novel double-knockout (DKO) mouse mod
el, we demonstrate that AASS inhibition rescues the abnormal 
biochemistry associated with ALDH7A1 deficiency. This is 
the first evidence that inhibition of AASS may be a viable treat
ment option for patients with PDE-ALDH7A1.


Materials and methods
Generation and acquisition of mouse 
models
The generation of gene knockout cell lines for the Aldh7a1 
KO mouse line generation using CRISPR-Cas9 genome 


Figure 1 Brain metabolite profiles (A: pipecolic acid; B: P6C; C: 6-oxo-PIP; D: 2-OPP; E: saccharopine; F: lysine; G: N-acetyllysine; H: 
homocitrulline) of mice across various genotypes: WT, KO, Aldh7a1 KO and Aass/Aldh7a1 DKO (n = 4/group). Data point shows normalized 
intensities. The error bars represent the mean with standard deviation (SD). The ANOVA yielded a significant P-value of <0.0001 for all 
metabolites. Subsequently, a Tukey’s multiple comparison test was performed to compare the mean of each group with that of every other group. 
Specifically, the results are presented for the comparison between Aldh7a1 KO and Aass/Aldh7a1 double KO (Aass/Aldh7a1 DKO) groups, 
indicating a highly significant difference (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). In cases where statistically meaningful analysis was not 
feasible due to values below the detection limit (ND), ‘#’ was used to indicate obvious differences. Aass = 2-aminoadipic semialdehyde synthase, 
Aldh7a1 = aldehyde dehydrogenase 7 family member A1p, P6C = Δ1-piperideine-6-carboxylate, 6-oxo-PIP = 6-oxo-pipecolic acid, 2-OPP =  
2S,6S-/2s,6R-oxopropylpiperidine-2-carboxylic acid, ND = not determined.
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editing was performed essentially as described.16,17 Guide 
and primer sequences are displayed in Supplementary 
Table 2.


At Helmholtz Zentrum Munich the Aldh7a1 CRISPR/Cas 
(C57BL6/6NCrl Aldh7a1em1(IMPC)Hmgu) mouse model was gen
erated using the IMPC targeting strategy with CRISPR/Cas tech
nology (https://www.mousephenotype.org/understand/the- 
data/allele-design/). The Aldh7a1 mouse model harbours a 
CRISPR-Cas9-induced deletions of 1906 bp that covers exons 
4 and 5 (ENSMUSE00001247473 and ENSMUSE0000 
1218719; https://www.gentar.org).


The Aass KO mouse (C57BL/6N-Aassem1(IMPC)Tcp) was cre
ated as part of the KOMP2-Phase2 project at The Centre for 
Phenogenomics (Toronto, ON). It was obtained from the 
Canadian Mouse Mutant Repository. The Aass KO mouse 
model harbours a CRISPR-Cas9-induced deletions, 473-bp +  
AAACACTTGATGC deletion that covers exons 5 and 6.


Aass+/− mice and Aldh7a1+/− mice were intercrossed. 
Double heterozygous mice (Aass/Aldh7a1+/−) were inter
crossed to generate double KO Aass/Aldh7a1 mice. 
Statistical analysis for neonatal genotype ratios was calcu
lated using the Chi-square test.


Mice were fed a standard diet (Altromin 1314) and main
tained according to the directive 2010/63/EU, German laws 
and GMC housing conditions (www.mouseclinic.de), ap
proved by the responsible authority of the district govern
ment of Upper Bavaria.


RNA quality control
For Aldh7a1 as well as Aass RNA was isolated from kidney tis
sue of homozygous Aldh7a1 respectively Aass knockout ani
mals using a Qiagen RNA isolation Kit and a 1:5 dilution of 
the cDNA, generated with NEB ProtoScript® II First Strand 
cDNA Synthesis Kit, was used for PCR with the primers 
Aldh7a1 Exon 4 and Aldh7a1 Exon 10/11 rev to detect the de
letion of exon ENSMUSE00001247473 and ENSMUSE 
00001218719 and in a minor content deletion of the two 
expected exons and exon ENSMUSE00001223399 
(Supplementary Fig. 1B). For Aass the primer pair Aass ex 3 
and Aass ex 9 rev as well as Aass ex2 for and Aass ex9 rev 
were used to detect the deletion of exon 5 and 6 and to a minor 
content a deletion of exons 5–7. The mutations were verified by 
Sanger sequencing.


Sample collection and analysis of 
metabolic biomarkers with 
next-generation metabolomic 
screening
For metabolomics analysis, samples from the relevant tissues 
(i.e. where lysine metabolism plays a key role in PDE) includ
ing plasma, brain and liver were collected from Aldh7a1 KO 
(n = 4, 3 m/1f), Aass KO (n = 4, 4m/0f), Aass/Aldh7a1 DKO 
(n = 4, 1m/3f) and wild-type (WT) (n = 8, 6m/2f and 5m/3f 
for plasma respectively) adult mice of both sexes.


A comprehensive description of sample collection and 
preparation and the measurement method is provided in 
the Supplementary material under ‘Analysis of metabolic 
biomarkers with NGMS’.


Plasma and tissue samples were analysed using UHPLC- 
QTOF-MS. Data acquisition was performed in both positive 
and negative ionization modes. For tissue analyses, feature in
tensities were normalized by the intensity of Phe_d5. For plas
ma, intensities were normalized to the mean QC intensity of the 
respective run. Metabolite identity was assigned based on ac
curate feature mass and retention time compared to reference 
compounds, with a mass accuracy deviation of less than 
5 ppm and a relative retention time difference of less than 
10% from reference compound measurements. Additional de
tails for the metabolites are provided in Supplementary Table 3.


Statistical analysis
Statistical analysis of biomarkers in plasma, brain and liver 
samples from WT, KO and double KO mice was achieved 
using one-way analysis of variance (ANOVA), followed by 
post hoc Tukey tests for genotype comparisons. Significant 
effects compared to the WT genotype group are denoted in 
tables as follows: *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. In cases where statistically meaningful ana
lysis was not feasible due to values below the detection limit 
(ND), ‘#’ was used to indicate obvious differences.


Results
Generation of Aass/Aldh7a1 
double-knockout mice
For this study, using the IMPC targeting strategy with CRISPR/ 
Cas technology, we created the Aldh7a1em1(IMPC)Hmgu) mouse 
model (Aldh7a1 KO) and crossed it to -Aass em1(IMPC)Tcp to es
tablish an Aass/Aldh7a1 DKO mouse model (Aass/Aldh7a1 
DKO) (Supplementary Fig. 1A) To generate an experimental 
cohort, we intercrossed Aass/Aldh7a1 double heterozygous 
mice. All mice were kept on a standard diet. The genotype dis
tribution in the progeny (683 pups) was according to the ex
pected Mendelian ratio (Supplementary Table 1). All 
different genotypes were present and viable at weaning age. 
We collected organs and plasma from early adult mice of all 
groups to study key diagnostic markers for PDE.


Knockout of AASS in PDE mice 
results in normalization of PDE 
biomarkers in brain, liver and plasma
Brain metabolite analysis (Fig. 1)
Aldh7a1 KO mice: Given the neurological phenotype associated 
with PDE-ALDH7A1 deficiency, we first analysed brain metab
olite levels to confirm the effect of Aldh7a1 knockout. In the 
Aldh7a1 KO mice, the pipecolic acid levels were approximately 
64 times higher than in the WT mice, and the P6C levels were 
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significantly elevated compared to undetectable levels in WT 
mice (Fig. 1A and B). Recently discovered PDE-ALDH7A1 bio
markers, 6-oxo-pipecolic acid (6-oxo-PIP) and 2S,6S-/ 
2s,6R-oxopropylpiperidine-2-carboxylic acid (2-OPP), were 
also significantly elevated, with 2-OPP showing the highest in
crease and being detectable only in the Aldh7a1 KO mice 
(Fig. 1C and D). The 6-oxo-PIP levels were elevated to a lesser 
extent, approximately two times higher compared to WT 
mice. These increases in metabolites are fully consistent with 
PDE-ALDH7A1 deficiency.


Aass KO mice: We next investigated metabolite levels in 
Aass-KO mice harbouring a mutant allele with a loss of func
tion of both LKR and SDH activities, which is biochemically 
equivalent to complete inhibition of LKR.12 The mice 
showed a complete absence of saccharopine, indicating a 
full knockout of the enzyme AASS-LKR (Fig. 1E). 
Compared to the WT mice, the high fold change (FC) in pi
pecolic acid (FC = 28), lysine (FC = 4), N-acetyllysine (FC =  
8) and homocitrulline (FC = 22) further confirmed the defect 
of the AASS-LKR enzyme. In the Aass-KO mice, an increase 
in P6C levels was also observed compared to the non- 
detectable levels in the WT mice. However, the increase 
was less pronounced compared to the Aldh7a1 KO mice 
while levels of 6-oxo-PIP and 2-OPP were normal (Fig. 1C 
and D).


As expected, lysine and N-acetyllysine levels were elevated 
in the Aass KO mice, with FCs of 3 and 10, respectively 


(Fig. 1F and G). Homocitrulline was also clearly present in 
the Aass KO mice, whereas it was undetectable in the WT 
mice (Fig. 1H). These increases in metabolites are fully con
sistent with hyperlysinaemia.


Aass/Aldh7a1 DKO: To test our hypothesis of a normal
ization of the PDE biochemical phenotype due to Aass inhib
ition, we analysed the effect of the DKO (Aass/Aldh7a1) on 
PDE biomarkers. Like the Aass KO mice, saccharopine was 
undetectable in the DKO mice, while it was always present in 
the control animals (Fig. 1E), thereby confirming the DKO 
model. The excretion of PDE biomarkers P6C and pipecolic 
acid returned to levels similar to those of Aass KO mice, de
creasing by a factor of ∼2 compared to Aldh7a1 KO mice 
(Fig. 1A and B). The levels of PDE biomarkers 6-oxo-PIP 
and 2-OPP completely normalized in the Aass/Aldh7a1 
DKO mice, comparable to WT mice (Fig. 1C and D). 
These results indicate that inhibition of AASS expression re
stores the levels of all relevant biomarkers for 
PDE-ALDH7A1 in brain tissue, including the suspected 
neurotoxic metabolites.


Liver metabolite analysis
The liver shows a similar metabolic pattern as observed in 
brain across the three genotypes of mice, including the ab
sence of saccharopine in Aass KO and Aass/Aldh7a1 DKO 
mice, indicating complete inhibition of the AASS enzyme 
(Fig. 2E). Liver levels of pipecolic acid and P6C in the 


Figure 2 Liver metabolite profiles (A: pipecolic acid; B: P6C; C: 6-oxo-PIP; D: 2-OPP; E: saccharopine; F: lysine; G: N-acetyllysine; H: 
homocitrulline) of mice across various genotypes: WT, KO, Aldh7a1 KO and Aass/Aldh7a1 DKO (n = 4/group). Data point shows normalized 
intensities. The error bars represent the mean with standard deviation (SD). The ANOVA yielded a significant P-value of <0.0001 for all 
metabolites. Subsequently, a Tukey’s multiple comparison test was performed to compare the mean of each group with that of every other group. 
Specifically, the results are presented for the comparison between Aldh7a1 KO and Aass/Aldh7a1 double KO (Aass/Aldh7a1 DKO) groups, indicating 
a highly significant difference (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). In cases where statistically meaningful analysis was not feasible 
due to values below the detection limit (ND), ‘#’ was used to indicate obvious differences. Aass = 2-aminoadipic semialdehyde synthase, Aldh7a1  
= aldehyde dehydrogenase 7 family member A1p, P6C = Δ1-piperideine-6-carboxylate, 6-oxo-PIP = 6-oxo-pipecolic acid, 2-OPP = 2S,6S-/ 
2s,6R-oxopropylpiperidine-2-carboxylic acid, ND = not determined.
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Aldh7a1 KO mice were elevated compared to WT mice, 
however less pronounced than in brain, suggesting that the 
pipecolic acid pathway is the primary lysine metabolic route 
in the brain (Fig. 2A and B). In contrast, saccharopine levels 
were higher in the liver compared to the brain (3-fold in
crease versus normal), indicating that the saccharopine path
way is the primary lysine metabolic route in the liver. As 
expected, in the liver of Aass/Aldh7a1 DKO mice, pipecolic 
acid levels were also increased, along with other hyperlysi
naemia biomarkers lysine, N-acetyllysine and homocitrul
line (Fig. 2F and G and H). Again, the combined data 
indicate that AASS inhibition results in near complete restor
ation of the main PDE biomarkers, 6-oxo-PIP and 2-OPP 
(Fig. 2C and D).


Plasma metabolite analysis
To determine if we can easily monitor the reduction of 
PDE-ALDH7A1 metabolites in Aass/Aldh7a1 DKO mice, 
we also measured plasma metabolites from the mice exam
ined. All PDE-ALDH7A1 and AASS biomarkers were ele
vated in the Aldh7a1 KO and Aass KO mice, respectively. 
The only exception was saccharopine, which was not detect
able in any of the genotyped mice (Fig. 3E). This contrasts 
with the brain and liver, where saccharopine was detectable 
in the WT and Aldh7a1 KO.


In the Aass/Aldh7a1 DKO, the levels of pipecolic acid was 
high for all three disease genotypes, as this is a plasma bio
marker for both PDE-ALDH7A1 and AASS diseases 
(Fig. 3A). The levels of PDE-specific biomarkers P6C, 
6-oxo-PIP and 2-OPP strongly reduced in the DKO mice as 
compared to Aldh7a1 KO mice, close to the levels seen in 
WT and Aass- KO mice. These results indicate that plasma 
PDE biomarkers are very well suited to monitor the effect 
of AASS inhibition in future human trials.


Discussion
PDE-ALDH7A1 is a readily treatable epilepsy, as pharmaco
logic doses of B6 improve otherwise intractable seizures. 
Unfortunately, clinical outcomes are still very poor. Even 
those patients diagnosed and treated antenatally or in the 
newborn period suffer from developmental delay and neuro
cognitive impairment.9 Treatment with LRTs, in addition to 
B6, can reduce the risk and severity of IDD,2 although life- 
long nutritional therapies are burdensome for patients and 
families with inherent compliancy issues. The need for 
more effective therapies motivated us to investigate a novel 
approach to the reduction of neurotoxic metabolites.


Using an Aass/Aldh7a1 DKO mouse, we modelled the im
pact of upstream enzyme inhibition for the treatment of 


Figure 3 Plasma metabolite profiles (A: pipecolic acid; B: P6C; C: 6-oxo-PIP; D: 2-OPP; E: saccharopine; F: lysine; G: N-acetyllysine; H: 
homocitrulline) of mice across various genotypes: WT, KO, Aldh7a1 KO and Aass/Aldh7a1 DKO (n = 4/group). Data point shows normalized 
intensities. The error bars represent the mean with standard deviation (SD). The ANOVA yielded a significant P-value of <0.0001 for all 
metabolites. Subsequently, a Tukey’s multiple comparison test was performed to compare the mean of each group with that of every other group. 
Specifically, the results are presented for the comparison between Aldh7a1 KO and Aass/Aldh7a1 double KO (Aass/Aldh7a1 DKO) groups, indicating 
a highly significant difference (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). In cases where statistically meaningful analysis was not feasible 
due to values below the detection limit (ND), ‘#’ was used to indicate obvious differences. Aass = 2-aminoadipic semialdehyde synthase, Aldh7a1  
= aldehyde dehydrogenase 7 family member A1p, P6C = Δ1-piperideine-6-carboxylate, 6-oxo-PIP = 6-oxo-pipecolic acid, 2-OPP = 2S,6S-/ 
2s,6R-oxopropylpiperidine-2-carboxylic acid, ND = not determined.
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PDE-ALDH7A1. In both brain and liver, the KO of the en
zyme AASS resulted in the normalization (compared to wild- 
type) of the PDE-ALDH7A1 metabolites 6-oxo-PIP and 
2-OPP. It is important to note that, in patients, the combin
ation of B6 and LRTs is able to significantly reduce the 
amount of these metabolites although they are not expected 
to normalize to the level of unaffected patients.7,18,19 In the 
DKO mouse, the levels of P6C and pipecolic acid were simi
lar to those of Aass KO mice. These results were expected as 
pipecolic acid is elevated in patients with hyperlysinaemia,20


and, in essence, we exchanged the disorder PDE-ALDH7A1 
for hyperlysinaemia.


These results suggest the inhibition of the enzyme AASS 
has the potential to replace the current treatment regimen. 
It should be noted that metabolic diets consisting of medical 
formula are associated with a negative impact on 
health-related quality of life and an increase in personal 
and financial burden.10 As a result, even if upstream enzyme 
inhibition was equivocal to current nutritional therapies, it 
may significantly improve patient and family quality of life. 
These results suggest that genetic KO (or knock-down) of 
Aass has the potential to be more effective than current 
therapeutic approaches, especially if administered early in 
life, ideally in the newborn period.


The enzyme AASS was selected as a target for upstream ther
apy as patients appear to have a benign biochemical pheno
type.21 We recognize that long-term follow up of patients 
with hyperlysinaemia are limited. It remains possible that 
AASS upstream inhibition could result in ‘trading one disorder 
for another’, albeit a much less severe condition.14 It is also im
portant to note that upstream enzyme inhibition is already 
standard of care for other IMDs. One such example is tyrosi
naemia type I (MIM 276700). Patients with this disorder often 
present in early childhood with liver and renal dysfunction, se
vere autonomic crises, and, if untreated, death usually occurs 
before the second decade of life due to liver failure or hepato
cellular carcinoma.22 Nitisinone (or NTBC) is ta potent inhibi
tor of 4-hydroxyphenylpyruvate dioxygenase, an enzyme 
upstream of the enzymatic defect in tyrosinaemia type I, redu
cing the accumulation of toxic metabolites, dramatically im
proving the natural history of this disorder.11,23 This 
treatment is not completely benign as it causes the disorder tyr
osinaemia type III with a risk of corneal opacities and other 
complications. Although not begin, NTBC eliminates the risk 
for the serious and sometimes even fatal complications of tyr
osinaemia type I.24


For PDE-ALDH7A1, the clinical effects of our upstream in
hibition strategy—i.e. whether biochemical changes align 
with meaningful correlate with meaningful improvements of 
epilepsy, cognition and neurodevelopment—require neurobe
havioral assessments in mouse, and this is currently ongoing. 
One limitation of our work is that the number of transgenic 
mice studied is quite small, albeit sufficient. Another limita
tion is the reliance on biochemical parameters alone to deter
mine efficacy of AASS inhibition for PDE-ALDH7A1 and 
other disorders of lysine metabolism such as glutaric aciduria 
type I.15 This is a limitation of the Aldh7a1 mouse model, 


which does not have a naive neurologic phenotype.25 Of 
note, current standard of care recommendations for patients 
with PDE-ALDH7A1 are also based, in large part, on im
provement of the same metabolites.2,18,19,26 Another limita
tion is the use of germline KO to model the impact of AASS 
inhibition. Tissue-specific KO as well as partial enzymatic in
hibition (knock-down) and intervention later in development 
or life (prenatal or postnatal) are currently under study. The 
same is true for the long-term effect of altered lysine metabol
ism, such as malnutrition and metabolic side-effects.30 Indeed, 
identifying a viable approach to inhibition of the AASS en
zyme for patients with PDE-ALDH7A1 and is a primary 
aim of our Changing rare disorders of lysine metabolism 
(CHARLIE) consortium and the focus of future studies using 
RNA, genomic and pharmacologic technologies in our pre
clinical PDE-ALDH7A1 disease models including proof-of- 
principle in patient-derived and CRISPR/Cas9 induced pluri
potent stem cells,27,28 as well as zebrafish and (dietary ma
nipulated) mouse models. Simultaneously, researchers in the 
CHARLIE consortium https://www.charlie.science/ partner 
with patients and families to achieve trial readiness with an 
international registry in place, with studies on natural history, 
biomarkers, patients’ experience and outcomes underway.9,29,30


We focus on the specific challenges for translation into the 
clinical arena, which include among others the small num
bers inherent to the disease rarity, phenotypic and outcome 
heterogeneity, differing ages and disease stages, administra
tion route, dosing, safety and long-term effect monitoring.


In conclusion, this study provides the first evidence that in
hibition of AASS reduces the neurotoxic metabolites in 
PDE-ALDH7A1. Upstream inhibition of this enzyme is a 
promising target to improve the biochemistry, the clinical 
outcomes and quality of life for affected patients and their 
families.


Supplementary material
Supplementary material is available at Brain Communications
online.


Acknowledgements
We acknowledge Mrs. Ivonne Zuidgeest (Amsterdam UMC) 
for management support, and Dr. Alex Garanto 
(Radboudumc) and all members of the CHARLIE consor
tium (www.charlie.science) for their scientific contributions 
to developing novel therapies for PDE-ALDH7A1. 
Graphical abstract created in BioRender: Coughlin, 
C. (2025) https://BioRender.com/d80a374


Funding
This project has received funding from the Horizon 2020 
European Union research and innovation programme under 
the EJP RD COFUND-EJP No. 825575.


AASS inhibition therapy for PDE-ALDH7A1                                                                            BRAIN COMMUNICATIONS 2025, fcaf397 | 7



https://www.charlie.science/

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf397#supplementary-data

https://www.charlie.science

https://BioRender.com/d80a374





Competing interests
The authors declare no conflicts of interest.


Data availability
The mouse models used and generated in this study are avail
able either from the International Mouse Phenotyping 
Consortium (IMPC) or upon request.


Aass KO: https://www.mousephenotype.org/data/genes/ 
MGI:1353573#order.


Aldh7a1 KO: https://www.mousephenotype.org/data/ 
genes/MGI:108186#order.


The metabolomics data presented in this study are avail
able upon request from the corresponding author.


No codes were generated or used.


References
1. van Karnebeek CDM, Tiebout SA, Niermeijer J, et al. 


Pyridoxine-dependent epilepsy: An expanding clinical Spectrum. 
Pediatr Neurol. 2016;59:6-12.


2. Coughlin CR  2nd, Tseng LA, Abdenur JE, et al. Consensus guide
lines for the diagnosis and management of pyridoxine-dependent 
epilepsy due to α-aminoadipic semialdehyde dehydrogenase defi
ciency. J Inherit Metab Dis. 2021;44:178-192.


3. Tseng LA, Abdenur JE, Andrews A, et al. Timing of therapy and 
neurodevelopmental outcomes in 18 families with pyridoxine- 
dependent epilepsy. Mol Genet Metab. 2022;135:350-356.


4. Bok LA, Halbertsma FJ, Houterman S, et al. Long-term outcome in 
pyridoxine-dependent epilepsy. Dev Med Child Neurol. 2021;54: 
849-854.


5. Mills PB, Struys E, Jakobs C, et al. Mutations in antiquitin in indi
viduals with pyridoxine-dependent seizures. Nat Med. 2006;12: 
307-309.


6. Struys EA, Jakobs C. α-Aminoadipic semialdehyde is the biomarker 
for pyridoxine dependent epilepsy caused by α-aminoadipic semial
dehyde dehydrogenase deficiency. Mol Genet Metab. 2007;91:405.


7. Engelke UF, van Outersterp RE, Merx J, et al. Untargeted metabo
lomics and infrared ion spectroscopy identify biomarkers for 
pyridoxine-dependent epilepsy. J Clin Invest. 2021;131:148272.


8. Stockler S, Plecko B, Gospe SM, et al. Pyridoxine dependent epilepsy 
and antiquitin deficiency: Clinical and molecular characteristics and 
recommendations for diagnosis, treatment and follow-up. Mol 
Genet Metab. 2011;104:48-60.


9. Coughlin CR, Tseng LA, Bok LA, et al. Association between lysine 
reduction therapies and cognitive outcomes in patients with 
pyridoxine-dependent epilepsy. Neurology. 2022;99:e2627-e2636.


10. MacDonald A, Smith TA, de Silva S, Alam V, van Loon JMT. The 
personal burden for caregivers of children with phenylketonuria: 
A cross-sectional study investigating time burden and costs in the 
UK. Mol Genet Metab Rep. 2016;9:1-5.


11. Santra S, Baumann U. Experience of nitisinone for the pharmaco
logical treatment of hereditary tyrosinaemia type 1. Expert Opin 
Pharmacother. 2008;9:1229-1236.


12. Leandro J, Khamrui S, Suebsuwong C, et al. Characterization and 
structure of the human lysine-2-oxoglutarate reductase domain, a 


novel therapeutic target for treatment of glutaric aciduria type 1. 
Open Biol. 2022;12:220179.


13. Yeganeh M, Auray-Blais C, Maranda B, et al. A case of hyperlysine
mia identified by urine newborn screening. JIMD Rep. 2023;64(6): 
440-445.


14. Dancis J, Hutzler J, Ampola MG, et al. The prognosis of hyperlysi
nemia: An interim report. Am J Hum Genet. 1983;35(3):438-442.


15. Leandro J, Dodatko T, DeVita RJ, et al. Deletion of 2-aminoadipic 
semialdehyde synthase limits metabolite accumulation in cell and 
mouse models for glutaric aciduria type 1. J Inherit Metab Dis. 
2020;43:1154-1164.


16. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. 
Genome engineering using the CRISPR-Cas9 system. Nat Protoc. 
2013;8:2281-2308.


17. Zhang S, Shen J, Li D, Cheng Y. Strategies in the delivery of Cas9 
ribonucleoprotein for CRISPR/Cas9 genome editing. 
Theranostics. 2021;11:614-648.


18. van Karnebeek CDM, Hartmann H, Jaggumantri S, et al. Lysine re
stricted diet for pyridoxine-dependent epilepsy: First evidence and 
future trials. Mol Genet Metab. 2012;107:335-344.


19. Coughlin CR, van Karnebeek CDM, Al-Hertani W, et al. 
Triple therapy with pyridoxine, arginine supplementation and diet
ary lysine restriction in pyridoxine-dependent epilepsy: 
Neurodevelopmental outcome. Mol Genet Metab. 2015;116:35-43.


20. Woody NC, Pupene MB. Excretion of pipecolic acid by infants and 
by patients with hyperlysinemia. Pediatr Res. 1970;4:89-95.


21. Houten SM, Te Brinke H, Denis S, et al. Genetic basis of hyperlysi
nemia. Orph J Rare Dis. 2013;8:57.


22. van Spronsen FJ, Thomasse Y, Smit GP, et al. Hereditary tyrosine
mia type I: A new clinical classification with difference in prognosis 
on dietary treatment. Hepatology. 1994;20:1187-1191.


23. Lindstedt S, Holme E, Lock EA, Hjalmarson O, Strandvik B. 
Treatment of hereditary tyrosinaemia type I by inhibition 
of 4-hydroxyphenylpyruvate dioxygenase. Lancet. 1992;340: 
813-817.


24. Chinsky JM, Singh R, Ficicioglu C, et al. Diagnosis and treatment of 
tyrosinemia type I: A US and Canadian consensus group review and 
recommendations. Genet Med. 2017;19(12):1380-1395.


25. Al-Shekaili HH, Petkau TL, Pena I, et al. A novel mouse model for 
pyridoxine-dependent epilepsy due to antiquitin deficiency. Hum 
Mol Genet. 2020;29:3266-3284.


26. Dixon M, Millington C, Bernstein L, et al. Dietary management for 
pyridoxine-dependent epilepsy due to α-aminoadipic semialdehyde 
dehydrogenase deficiency, a follow-on from the international con
sortium guidelines. JIMD Rep. 2024;65:188-203.


27. Schuurmans IME, van Karnebeek CDM, Hoogendoorn ADM, 
Nadif Kasri N, Garanto A. Generation of hiPSC lines from four 
pyridoxine-dependent epilepsy (PDE) patients carrying the variant 
c.1279G>C in ALDH7A1 in homozygosis. Stem Cell Res. 2024; 
79:103480.


28. Schuurmans IME, Wu KM, van Karnebeek CDM, Nadif Kasri N, 
Garanto A. Generation of an induced pluripotent stem cell line car
rying biallelic deletions (SCTCi019-B) in ALDH7A1 using CRISPR/ 
Cas9. Stem Cell Res. 2024;71:103173.


29. Tseng LA, Teela L, Janssen MC, et al. Pyridoxine-dependent epi
lepsy (PDE-ALDH7A1) in adulthood: A Dutch pilot study explor
ing clinical and patient-reported outcomes. Mol Genet Metab 
Rep. 2022;31:100853.


30. Coene KLM, Kluijtmans LAJ, van der Heeft E, et al. 
Next-generation metabolic screening: Targeted and 
untargeted metabolomics for the diagnosis of inborn errors of me
tabolism in individual patients. J Inherit Metab Dis. 2018;41(3): 
337-353.


8 | BRAIN COMMUNICATIONS 2025, fcaf397                                                                                                C. D. M. van Karnebeek et al.



https://www.mousephenotype.org/data/genes/MGI:1353573#order

https://www.mousephenotype.org/data/genes/MGI:1353573#order

https://www.mousephenotype.org/data/genes/MGI:108186#order

https://www.mousephenotype.org/data/genes/MGI:108186#order



		New treatment for pyridoxine-dependent epilepsy due to ALDH7A1 deficiency: first proof-of-principle of upstream enzyme inhibition in the mouse

		Introduction

		Materials and methods

		Generation and acquisition of mouse models

		RNA quality control

		Sample collection and analysis of metabolic biomarkers with next-generation metabolomic screening

		Statistical analysis



		Results

		Generation of Aass/Aldh7a1 double-knockout mice

		Knockout of AASS in PDE mice results in normalization of PDE biomarkers in brain, liver and plasma

		Brain metabolite analysis (Fig. 1)

		Liver metabolite analysis

		Plasma metabolite analysis





		Discussion

		Supplementary material

		Acknowledgements

		Funding

		Competing interests

		Data availability

		References











the specific mouse line that will be used to test the siRNA therapy.  At the same time, we are
developing laboratory tests that enable us to measure the same disease-related metabolites in
animals receiving siRNA treatment compared to those that do not.

We are also looking ahead to the January CurePDE webinar, where Curtis will share updates
on these efforts as well as several other ongoing projects in the lab.

OPPORTUNITIES FOR INVOLVEMENT:
We have added a couple of new faces to our Our Little Legends wall. We are always happy to
receive photos to highlight your amazing kids, so if you haven’t sent yours in yet, we’d love to
see them.  

UPCOMING EVENTS:
CurePDE Webinar: January 6, 2026 | 8:00 PM EST

Topic: Conversation with updates from Curtis and information about the 2026 Family Retreat

CurePDE Webinar Link: CurePDE webinar link

Past recorded webinars: Available on the CurePDE YouTube channel

As always, feel free to reach out to us with any questions or suggestions on anything you are
curious about. 

Sincerely, 

--The Coughlin Lab

https://nam02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fzoom.us%2Fj%2F96534466824%3Fpwd%3DQXdJd2tUU081K2tvckFMd3dSVnNkZz09&data=05%7C02%7Ccurtis.coughlin%40cuanschutz.edu%7C60fa6a5f69b947e26b0a08de47f20234%7C563337caa517421aaae01aa5b414fd7f%7C0%7C0%7C639027302304681208%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=1i3227cgntyESMF6cfBBL5pw9XIxbkHgFT6pd28LHCg%3D&reserved=0
https://nam02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.youtube.com%2F%40CurePDEFoundation&data=05%7C02%7Ccurtis.coughlin%40cuanschutz.edu%7C60fa6a5f69b947e26b0a08de47f20234%7C563337caa517421aaae01aa5b414fd7f%7C0%7C0%7C639027302304702180%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=iNPVa%2F7MRchrWP7MkzAiCAayvfsYM1KFqtR9nz%2FDvQc%3D&reserved=0


Dr. Curtis Coughlin
Kristie Pauly (lab manager)
Nicole Garcia-Tubens (PhD candidate)
Dr. Mike Woontner (Associate Professor)
University of Colorado, Anschutz Medical Campus
303.724.3814

Coughlin Lab Website
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PDE Q&A Forum
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If you wish to unsubscribe and no longer receive these updates, please reply to this email.
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