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Abstract

Inbred mouse strains are a cornerstone of translational research but paradoxically many strains
carry mild inborn errors of metabolism. For example, a-aminoadipic acidemia and branched-chain
ketoacid dehydrogenase deficiency are known in C57BL/6J mice. Using RNA sequencing, we now
reveal the causal variants in DhtkdI and Bckdhb, and the molecular mechanism underlying these
metabolic defects. C57BL/6J mice have decreased DAtkdZ mRNA expression due to a solitary
long terminal repeat (LTR) in intron 4 of Dhtkdl. This LTR harbors an alternate splice donor site
leading to a partial splicing defect and as a consequence decreased total and functional DhAtkd1
MRNA, decreased DHTKDZ1 protein and a-aminoadipic acidemia. Similarly, C57BL/6J mice have
decreased Bckahb mRNA expression due to an LTR retrotransposon in intron 1 of Bckadhb. This
transposable element encodes an alternative exon 1 causing aberrant splicing, decreased total and
functional Bckahb mRNA and decreased BCKDHB protein. Using a targeted metabolomics
screen, we also reveal elevated plasma C5-carnitine in 129 substrains. This biochemical phenotype
resembles isovaleric acidemia and is caused by an exonic splice mutation in /vdleading to partial
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skipping of exon 10 and IVD protein deficiency. In summary, this study identifies three causal
variants underlying mild inborn errors of metabolism in commonly used inbred mouse strains.
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1. Introduction

Most animal studies using mice take advantage of introducing specific gene modifications
by homologous recombination in embryonic stem cells or more recently by CRISPR-Cas9-
based strategies in zygotes. Additionally, the long history of mice in research has led to a
rich resource of natural genetic variation represented in numerous mouse strains. Some of
these spontaneous mutant strains harbor a loss of function mutation equivalent to a gene
knockout (KO) and may be used as models for human diseases (Table 1). Well studied
examples in metabolic research include Leptin deficiency in the O&/ Ob mouse [1],
nicotinamide nucleotide transhydrogenase deficiency in the C57BL/6J strain [2], short-chain
acyl-CoA dehydrogenase deficiency in the BALB/cByJ strain [3] and primary carnitine
deficiency in the juvenile visceral steatosis mouse [4].

Akin to the situation in humans, it has been hypothesized that the phenotypic diversity
between mouse strains are complex traits caused by many genetic variants with different
effect sizes on mRNA levels and/or protein function. Identification of the genetic
architecture underlying these complex phenotypes has been facilitated by quantitative
genetic approaches in populations of mice such as second progeny offspring (F2), outbred
cohorts or recombinant inbred strains. Genome-wide genotyping of these mice allows
quantitative trait locus (QTL) analysis, identification of key underlying loci and in some
cases, resolution to the causative genes. Mapping complex phenotypes alongside complex
traits such as transcript, protein and metabolite abundances can reveal the molecular
mechanisms through which genes and variants act on phenotypic presentation [5, 6].

One such example is provided by the BXD recombinant inbred strains, a mouse panel
derived from DBA/2J and C57BL/6J parents [7]. Detailed genomic, proteomic, metabolomic
and phenomic analysis of BXD strains has revealed multiple novel QTLs with relatively
large effect sizes reminiscent of autosomal recessive traits. A list of these traits including
examples from other strains is provided in Table 1. Here, we followed up on our recent
identification of defects in the a-ketoadipic acid dehydrogenase (KADH) complex and the
branched-chain ketoacid dehydrogenase (BCKDH) complex in the BXD genetic reference
population due to expression (e)QTLs for Dhtkdl and Bckahb, respectively [8].

DHTKDL1 is the E1 subunit of the KADH complex, a mitochondrial enzyme that catalyzes
the oxidative decarboxylation of a-ketoadipic acid into glutaryl-CoA in the lysine
degradation pathway. Mutations in DHTKDJ cause a-ketoadipic and a.-aminoadipic
aciduria (MIM 204750 and 245130) [9-11], an autosomal recessive biochemical
abnormality of questionable clinical significance [12]. Mice harboring the low expressing
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Dhtkd1 C57BL/6] allele (Dhtkd1B%) have higher plasma a-aminoadipic acid concentrations
than mice with the high expressing DBA/2J allele (Dhtkd1P?) [8, 9]. The molecular
mechanism underlying the decreased DhAtkdl expression and the degree of enzymatic
deficiency in C57BL/6J mice is currently unknown.

BCKDHB is a subunit of the BCKDH complex, which is a mitochondrial enzyme in the
degradation pathway for branched-chain amino acids (BCAA). Together with BCKDHA,
BCKDHB forms the E1 subunit of this complex, whereas DBT and DLD are the E2 and E3
subunits, respectively. A deficiency of the BCKDH complex in humans causes maple syrup
urine disease (MSUD), a severe neurometabolic disorder diagnosed by the detection
alloisoleucine in plasma (MIM 248600). The BCKDH complex defect in C57BL/6J is not
severe enough to cause increased alloisoleucine levels, although an increase in the BCAA/
alanine ratio was noted [8]. It is known that the defect is caused by decreased expression of
the BekahtPS allele, but the causal variant has remained elusive.

We now report the identification of the causal variants and molecular mechanisms
underlying the DHTKD1 and BCKDHB deficiencies in C57BL/6J mice. In addition, we
describe an exonic splice mutation in /vd'encoding isovaleryl-CoA dehydrogenase as the
underlying cause of elevated C5-carnitine in the 129 substrain thus mimicking isovaleric
acidemia (IVA; MIM 243500).

2. Materials and Methods

2.1. Mouse genomic studies

The Dhitkd1 locus was genotyped using two different methods. The locus around the
structural variant was amplified using the following forward and reverse primers; 5’-AAA
ACA TTG CCA CGA AGG AC-3’" and 5’-AGG CAC CCA CAG AAT CCA TA-3’. This
yields a product of 767 bp for Dhtkd1B8, and 211 bp for Dhtkd122° and Dhtkd1P2. These
products were Sanger sequenced to determine the size to the structural variant (GenBank:
MH925964-MH925966). We also performed a restriction fragment length polymorphism
(RFLP) assay for rs27092974 in exon 8 of Dhtkd1, which is approximately 6.7 kb
downstream of the structural variant. For this we amplified 206bp of exon 8 containing
rs27092974 using the following forward and reverse primers; 5’-ACC TAC GCA GAG CAC
CTC AT-3’ and 5’-TCT AGA GGC ACC CCT GTG TC-3. The SNP introduces an Sphl
site and the PCR product is cleaved for Dhtka 129 and Dhtkd1P2, but not for Dhtkd188. The
Bckdhb and /vd'loci were genotyped using RNA sequencing data covering rs13480313
(Bckdhb exon 11), and rs4905023 and rs47004510 (both in exon 9 of /va).

2.2.  Animal experiments

All animal experiments were approved by the IACUC of the Icahn School of Medicine at
Mount Sinai (# IACUC-2016-0490) or the local animal experimentation committee of the
Canton de Vaud (Switzerland, license no. 2257.2), and comply with the National Institutes
of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023,
revised 1978). Six week old male 129S2/SvPasCrl, DBA/2J and C57BL/6J mice were
ordered. At 8 weeks of age, blood for biochemical analyses was collected via a
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submandibular blood draw in the random fed state (4pm). Plasma was collected and stored at
—20°C for future analyses. Mice were euthanized at 10 weeks of age exactly 2 hours after an
intraperitoneal dose of L-lysine (100mg/kg). Immediately preceding necropsy, mice were
anesthetized with pentobarbital (100mg/kg ip) and then exsanguinated via the vena cava
inferior. Blood was collected for the preparation of EDTA plasma and organs were shap
frozen in liquid nitrogen and stored at —80°C for future analyses.

The B6129PF2 cohort was generated using C57BL/6N and 129P2 parents. Mice were
euthanized at 29-45 weeks of age (mean age is 37 weeks) after overnight food withdrawal.
They were first anesthetized with pentobarbital (100mg/kg ip) and then exsanguinated via
the vena cava inferior. Blood was collected for the preparation of EDTA plasma and organs
were snap frozen in liquid nitrogen and stored at —80°C for further use.

Male A/J, CAST/EiJ, NZO/HILtJ and PWK/PhJ mice were euthanized at 9-11 weeks old
(mean age is 10 weeks). They were first anesthetized with a ketamine/xylazine mixture after
which blood was collected by cardiac puncture. Plasma was prepared in Li-heparin tubes.

For the amino acid challenge experiments, 5 to 6 week old male 129S2/SvPasCrl, DBA/2J
and C57BL/6J mice were ordered. At 9 weeks of age, all mice received an intraperitoneal
injection of 15mL/kg 0.9% saline. At 12 weeks of age, all mice received 500mg/kg BCAAs
(V150, L221, 1129). At 14 weeks of age, all mice received 500mg/kg L-lysine. At 15 weeks
of age, the BCAA challenge was repeated in the 129S2/SvPasCrl and C57BL/6J mice. One
hour after the ip injection, a blood sample was collected from the saphenous vein using a
capillary blood tube (Microvette CB 300 K2E).

2.3. RNA sequencing analysis

RNA was isolated from liver using QlAzol lysis reagent and the RNeasy kit (Qiagen). RNA
samples were submitted to the Genomics Core Facility at the Icahn Institute and Department
of Genetics and Genomic Sciences. cDNA libraries were prepared using the Illumina TruSeq
RNA Library Preparation kit (#RS-122-2001). Samples were run on lllumina HiSeq 2500,
and 100 nucleotide, single end fragments were read at a depth of about 25 million reads per
sample. Raw and processed data were returned, count files were generated by aligning the
reads to the mouse genome mm10 (GRCm38.75) with STAR and counting overlaps with
exons grouped at gene level by featureCounts [13]. The aligned reads and splice junctions
were visualized using the Integrative Genomics Viewer (IGV) and its Sashimi plot feature
[14, 15].

2.4. Immunoblotting

Total liver protein homogenates were separated on a Bolt™ 4-12% Bis-Tris Plus Gel and
blotted onto nitrocellulose. DHTKD1 was detected using a polyclonal antibody against
recombinant human DHTKD1 (GeneTex, GTX32561). BCKDHB was detected using a
polyclonal antibody against recombinant human BCKDHB (Abcam, ab201225). IVD was
detected using a polyclonal antibody against recombinant human IVD (ThermoFisher, PA5—
59547). Citrate synthase was detected using a polyclonal antibody against recombinant
human protein (GeneTex, GTX110624). Secondary antibodies goat anti-rabbit IRDye
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800CW or 680RD were from LI-COR Biosciences (Lincoln, NE, USA) and immunoblot
images were obtained using the Odyssey infrared imaging system (LI-COR Biosciences).

2.5. Metabolite analysis

EDTA plasma (8 week old, random fed) was shipped to the Stable Isotope & Metabolomics
Core of the Einstein-Mount Sinai Diabetes Research Center for a targeted metabolomics
assay using the AbsolutelDQ p180 kit (BIOCRATES Life Sciences AG, Innsbruck, Austria).
This method quantifies ~180 metabolites in plasma including a-aminoadipic acid using
liquid chromatography and flow injection analysis—mass spectrometry.

Plasma acylcarnitines, plasma amino acids and urine organic acids were measured by the
Mount Sinai Biochemical Genetic Testing Lab (now Sema4). Plasma amino acids were
analyzed as described [16]. Urine organic acids were quantified using a standard curve and
pentadecanoic acid as internal standard.

2.6. Statistics

Data are displayed as the mean + the standard deviation (SD) as indicated in the figure
legends. Differences between groups of mice were evaluated using a two-sided t-test, one-
way analysis of variance with Dunnett’s multiple comparison test, a Kruskal-Wallis test or a
two-way analysis of variance as indicated. Significance is indicated in the figures. Allele
effect sizes were determined using linear regression analysis. All analyses were performed in
GraphPad Prism 6.

3. Results

3.1. Characterization of DHTKDL1 deficiency in inbred mouse strains

Our previous work has established that C57BL/6J mice are deficient in DHTKD1, but the
degree of deficiency has remained unclear. We further characterized DHTKD1 function in
C57BL/6J mice and compared these to mice with two other common inbred backgrounds;
129S2/SvPasCrl and DBA/2J. We focused on liver as this organ has the highest Dhtkd1
expression level. As expected based on previous studies [8, 17], C57BL/6J mice had the
lowest DhtkdZ mRNA in liver and the highest plasma a-aminoadipic acid levels (Figure 1A,
B). We quantified DHTKD1 protein level in livers of these mice using immunoblot and
found only 2% residual DHTKD1 protein in C57BL/6J (Figure 1C).

DHTKD1 deficiency is not confined to the C57BL/6J strain. In the diversity outbred mouse
model, which is derived from the 8 founder laboratory strains of the Collaborative Cross, the
low expressing Dhtkd1 allele was shared between the A/J, C57BL/6J, NOD/LtJ and NZO/
HILtJ founder strains, while the high expressing allele was found in 129S1/SvimJ, CAST/
EiJ, PWK/PhJ and WSB/EIJ strains [17]. We now measured plasma a-aminoadipic acid
concentration in mice from 2 low (A/J and NZO/HILtJ) and 2 high (CAST/EiJ and PWK/
PhJ) DHTKD?1 expressing Collaborative Cross strains. A/J mice had the highest a-
aminoadipic acid concentration, NZO/HILtJ mice had intermediate values, and the lowest
values were observed in CAST/EiJ and PWK/PhJ mice (Figure 1D), which is consistent with
the DHTKD1 expression levels in these strains [17].
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3.2. Identification and characterization of the Dhtkd1 variant causing a-aminoadipic
acidemia in mice

The Mouse Genomes Project has sequenced the genomes of key laboratory mouse strains
and identified SNPs, insertions/deletions and structural variants [18, 19]. We focused on an
insertion of 556 base pair (bp) (chr2:5,924,595-5,925,150), because it was identified in all
low Dhtkd1 expressing strains [8, 17]. This insertion in intron 4 is a solitary long terminal
repeat (LTR). Using reverse transcriptase (RT) PCR on liver mRNA, we demonstrate that
this insertion introduced an alternate splice donor site (chr2:5,924,677). Using RNA
sequencing data, we furthermore observed that this insertion leads to; (1) aberrant
transcriptional activity in intron 4, (2) read-through from exon 4 into intron 4, (3) decreased
joining of exon 4 to exon 5, and (4) joining of intron 4 to exon 5 at the alternate splice donor
site at position chr2:5,924,677. These observations indicate that the alternate splice donor in
intron 4 competes with the splice donor at exon 4. None of these abnormalities were
observed in mice without the insertion. A detailed description of all experiments describing
the identification of the causal variant, characterization of the molecular mechanism
underlying the DHTKD1 defect, estimation of the effect size of the Dhtkd1B allele, and the
confirmation of the RNA sequencing data using quantitative RT PCR can be found in the
online supplement (Supplemental Figures 1 and 2).

3.3. Experimental confirmation of the biochemical defect associated with the Dhtkd1B6

variant

We next used a B6129PF2 cohort of mice to confirm the biochemical defect associated with
the Dhtkd1B® variant. The animals in the B6129PF2 cohort carry recombined genomes from
their C57BL/6N and 129P2 parents, which are DHTKD deficient and wild type,
respectively. We determined the Dhtkd genotype and DHTKDL1 protein level in these mice
(Figure 1E). Consistent with the data from the inbred strains, DAtkd 7129129 animals have the
highest DHTKDZ1 protein levels. Using linear regression analysis, we estimated the effect
size of the mutation and found that for each D/itkd1B6 allele, DHTKD1 protein levels
decrease by 43%. Lastly, we measured a.-aminoadipic acid in plasma of two groups of
B6129PF2 mice (Figure 1F). The concentration of a-aminoadipic acid was significantly
higher in Dhtkd188/B6 mice when compared to DAtkd 18612 and Dhtkd 11291129 gnimals,
which is consistent with the established autosomal recessive inheritance of the biochemical
phenotype in humans.

3.4. Identification of the causal variant for the branched-chain ketoacid dehydrogenase
defect in C57BL/6J mice

We next set out to identify the molecular mechanism and causal variant underlying
BCKDHB deficiency in C57BL/6J mice [8, 20]. We first compared expression of Bckadhb
between livers of 129S2/SvPasCrl, DBA/2J and C57BL/6J mice and confirmed that
expression of Bckadhbis lowest in C57BL/6J (Figure 2A). The Mouse Genomes Project lists
one large structural variant that is common to 129, DBA/2J and all other tested strains, a
deletion of 7332 bp in intron 1 (Chr9:83,942,547-83,949,878). This region isan LTR
retrotransposon (IAPLTR1_Mm, Supplemental Figure 3A) and is therefore an insertion in
the C57BL/6J reference genome. Two murine Bckdhb transcripts are described; the
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canonical variant (NM_001305935.1) and a variant containing an alternate exon 1 encoding
a protein that uses a potential downstream startcodon (Met69, NM_199195.1). This alternate
exon 1 is part of the LTR retrotransposon in intron 1 and the encoded variant protein lacks
the mitochondrial targeting sequence; therefore, it is unlikely to be a functional part of the
BCKDH complex.

We used RNA sequencing data in order to study the molecular mechanism underlying the
decreased Bckahb expression from the BckahtP8 allele. We visualized reads and splice
junctions focusing on the first exons. In mice with one or two BckahtP8 alleles, we
observed; (1) usage of alternate exon 1 and joining with exon 2, (2) decreased joining of
exon 1 with exon 2, (3) skipping of exons 2 and 3, (4) various other abnormal splicing
events, and (5) aberrant transcriptional activity in intron 1 (Supplemental Figure 3A). There
was a clear gene dosage effect for all these events. None of these abnormalities were
observed in mice with the Bckaht'2%/129 genotype. A detailed description of all experiments
describing the molecular analysis and estimation of the effect size of the BckahtPS allele
can be found in the online supplement (Supplemental Figure 3). Using immunoblotting, we
estimated that the residual BCKDHB protein expression is 18% in C57BL/6J (compared to
129S2/SvPasCrl) and 18% in BckahtP5/B6 mice of the B6129PF2 cohort (Figure 2B, C).
The BCAA/Ala was not affected by the number of BckahtB8 alleles (Figure 2D).

3.5. Isovaleryl-CoA dehydrogenase deficiency in 129 mice

We noted elevated C5-carnitine concentrations in 129S2/SvPasCrl mice upon analysis of
acylcarnitines in plasma of different mouse strains (Figure 3A). A similar observation was
recently reported for 129S1/SvimJ and 129S6/SvEvTac [21]. Elevated C5-carnitine is found
in IVA and 2-methylbutyrylglycinuria caused by /VDand ACADSB mutations, respectively.
IVA is caused by a defect in isovaleryl-CoA dehydrogenase, an enzyme in the leucine
degradation pathway. ACADSB encodes the short/branched chain acyl-CoA dehydrogenase,
which is an enzyme in the isoleucine degradation pathway. The accumulating C5-carnitine
isomer in the former disorder is isovalerylcarnitine, whereas it is 2-methylbutyrylcarnitine in
the latter. UPLC-MS/MS analysis demonstrated that in plasma of C57BL/6J and DBA/2]
mice the C5-carnitine is a mixture of 2 isomers with isovalerylcarnitine a bit more abundant
than 2-methylbutyrylcarnitine (69% and 60% respectively). In contrast 88% of the C5-
carnitine in 129S2/SvPasCrl mice is isovalerylcarnitine (Figure 3B), which makes a defect in
Ivdmost likely.

In order to identify a cause for the elevated isovalerylcarnitine, we studied expression of /vd
in the RNA sequencing data of the liver samples of B6129PF2 mice and observed partial
skipping of exon 10 in mice with /vaB8129 and /11297129 genotypes (Supplemental Figure
4A). The variant most likely responsible for the decreased splicing efficiency is a
synonymous SNP at the last nucleotide of exon 10 (rs27440099) that changes the conserved
G of a splice donor site into an A. This variant can therefore be classified as an exonic splice
mutation. The detailed molecular characterization of the /va'2? can be found in the online
supplement (Supplemental Figure 4).

The canonical /vd mRNA encodes a 424 amino acid protein with a predicted molecular
weight of 46.3 kDa for the mitochondrial precursor and ~43 kDa after processing [22]. /vd
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mRNA with an in-frame deletion in exon 10 encodes a protein that is 35 amino acids shorter,
4 kDa smaller, and lacks part of the substrate and FAD binding sites (p.Leu322_Lys356del,
XP_006499988.1). Upon immunoblotting, we detected two immunoreactive bands in liver
of 12952/SvPasCrl mice. One band migrated at the same molecular weight as IVD in
C57BL/6J and DBA/2J, a second band migrated just below the 28 kDa marker and was only
detected in 129S2/SvPasCrl mice (Figure 4C). The levels of the full length VD protein were
decreased, which is consistent with partial exon skipping. Similar results were obtained in
our cohort of B6129PF2 mice (Figure 4D). The residual VD protein levels were 18% in
129S2/SvPasCrl and 20% in the /vat29/129 mice of the B6129PF2 cohort. Our data are in
line with proteome analysis of the diversity outbred mouse model, which listed a cis pQTL
for IVD in the supplemental data [17]. Due to its autosomal recessive inheritance pattern, we
did not have sufficient samples to evaluate the effect of the /val2%/129 genotype on C5-
carnitine in the B6129PF2 mice. Nonetheless, our combined data show that mice of the 129
substrains have a mild, but biochemically detectable defect in IVD.

3.6. a-ketoadipic aciduria in C57BL/6J and isovaleryl glycinuria in 129S2/SvPasCrl

We have provided evidence that C57BL/6J and 129S2/SvPasCrl carry specific mild inborn
errors of metabolism. These biochemical abnormalities are not only diagnosed through
analyses of plasma acylcarnitines and amino acids, but also of urine organic acids. We
therefore analyzed the urine organic acid profile in randomly collected urine samples from
C57BL/6J, 129S2/SvPasCrl and DBA/2J mice. Consistent with DHTKD1 deficiency, the
urine of C57BL/6J mice had elevated a-ketoadipic acid levels when compared to the two
other strains (Figure 4A). The urinary organic acid profile of MSUD patients is
characterized by elevated branched-chain 2-keto (and 2-hydroxy) acids. Mouse urine
contained relatively high basal levels of these branched-chain ketoacids, but there was no
apparent increase in urine from C57BL/6J mice (Figure 4A). This result, in combination
with the absence of plasma alloisoleucine, indicates that the Bckdhb variant in C57BL/6J is
likely of limited functional relevance. IVA is characterized by elevated urine
isovalerylglycine and 3-hydroxyisovaleric acid. Isovalerylglycine was elevated in urine of
129S2/SvPasCrl mice, but 3-hydroxyisovaleric acid was not detected (Figure 4A). These
results are consistent with 1D deficiency in the 129S2/SvPasCrl strain.

3.7. Amino acid challenges provide additional evidence for the functional significance of
the DHTKD1 and IVD defects

An intraperitoneal (ip) challenge with 20mg lysine in C57BL/6JUnib mice leads to a
dramatic increase in plasma and tissue a-aminoadipic acid levels [23, 24]. In order to
establish that this increase is caused by the DHTKD1 defect in C57BL/6 mice, we
challenged C57BL/6J, 129S2/SvPasCrl and DBA/2J with lysine and analyzed plasma amino
acids one hour after the ip injection. The lysine challenge increased plasma lysine levels in
all strains, although this increase was somewhat less pronounced in C57BL/6J mice (Figure
4B). Plasma a-aminoadipic acid concentrations increased after the ip challenge in all strains,
but C57BL/6J mice reached values >100umol/L, while concentration in 129S2/SvPasCrl and
DBA/2J remained < 20umol/L (Figure 4B). In one 129S2/SvPasCrl and one C57BL/6J
mouse both plasma lysine and a-aminoadipic acid concentrations did not increase after the
lysine challenge, which is likely caused by a technical failure of the ip injection (Figure 4B).
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Under basal conditions, the BCKDHB defect in C57BL/6J does not lead to detectable
alloisoleucine levels. We tested whether a BCAA challenge could unmask this MSUD
biochemical phenotype. One hour after the BCAA challenge, the concentration of plasma
BCAA was increased (Figure 4B), but alloisoleucine remained virtually undetectable in all
strains (not shown).

Leucine is one of the three BCAAS, and therefore the BCAA challenge also allowed us to
further study the IVVD defect in 129S2/SvPasCrl mice. Although we had some technical
difficulties obtaining a reproducible increase in plasma BCAA levels in 129S2/SvPasCrl
mice, the mice that did respond to the challenge also displayed the most striking elevation of
C5-carnitine (Figure 4B). The results of the amino acid challenges further question the
significance of the BCKDHB defect in C57BL/6J mice, but illustrate the functional
consequences of the DHTKD1 and 1D defects in C57BL/6J and 129S2/SvPasCrl mice,
respectively.

4. Discussion

Inbred mouse strains remain a cornerstone of translational biomedical research. Here we
report our characterization of the causal variants and molecular mechanisms underlying
three mild inborn errors of metabolism in commonly used inbred mouse strains. We found
that a-aminoadipic acidemia in C57BL/6J mice is caused by a structural variant in intron 4
of Dhitkd1 that introduces an alternative splice donor site leading to a partial splicing defect.
As a result, functional DhAtkdl mRNA and DHTKDL protein levels are decreased, and
plasma a.-aminoadipic acid concentration is increased. Similarly, BCKDHB deficiency in
C57BL/6J mice is caused by a structural variant in intron 1 that introduces an alternative
exon 1 and leads to aberrant splicing, apparently without an obvious biochemical
consequence. Finally, elevated C5-carnitine in 129 mice is caused by an exonic splice site
mutation in /vd'that leads to skipping of exon 10, a deficiency in IVD protein and a
biochemical phenotype mimicking IVA.

The C57BL/6J inbred strain has been used to generate the mouse reference genome. The
Mouse Genomes Projects lists the causal structural variants in Dhtkd1 and Bckadhb as
deletions in the non C57BL/6J strains. Given that these deletions abolish aberrant splicing in
both cases, it is fair to assume that the allele with the deletion is in fact the wild type allele
and the structural variant is the result of an insertion. Indeed, both variants are the result of
transposable element (TE) activity. The causal variant in DAtkd1 is annotated as a repeat
region called MT2-Mm and this sequence is 86% identical to the LTR from the mouse
endogenous retroviral (ERV) sequence MUERV-L (Y12713.1), a class 11l endogenous
retrovirus [25, 26]. This is a solitary LTR, likely the result of a recombination between 5’
and 3’ LTRs that deleted the gag, pol and dUTPase genes [25, 26]. The C57BL/6J genome
carries 37,000-38,000 MT2-Mm copies [27]. The causal variant in Bckdhbis a so-called
intracisternal A-particle (IAP) mobile element, a class Il ERV. The C57BL/6J genome
carries ~10,000 IAP LTR elements [28]. Combined, ERVs comprise 8-10% of the mouse
genome and, due to their ongoing activity, they account for the majority of spontaneous
mouse mutants [25, 26]. Indeed more than 5000 TE variants were identified between
DBA/2J and C57BL/6J strains [29], and over 100,000 TE variants between 13 classical
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laboratory and 4 wild-derived mouse inbred strains [30]. Of the TE variants with a single
annotation, 52% were LTRs, 43% were long interspersed nuclear elements (LINES) and 5%
were short interspersed nuclear elements (SINEs) [29]. On an evolutionary scale, TEs are
thought to have a significant impact via the generation of new exons and alternative splicing
[31, 32].

DHTKD1 deficiency causing a-ketoadipic and a-aminoadipic aciduria is currently
considered a biochemical abnormality of questionable clinical significance [12]. This means
that this disorder can be diagnosed through biochemical and genetic methods, but is not
considered harmful. Any previous associations of a-ketoadipic and a-aminoadipic aciduria
with disease phenotypes are therefore due to ascertainment bias [12]. However, given the
rarity of DHTKD1 deficiency, conclusive evidence for this is difficult to provide. We have
established that the residual DHTKD1 protein levels were ~2% in C57BL/6J liver relative to
129S2/SvPasCrl and DBA/2J liver, and ~15% in liver of B6129PF2 mice with the
Dhtkd188/B8 genotype. The Dhtkd188/B8 genotype renders the KADH complex rate-limiting
in lysine degradation as evidenced by increased plasma a-aminoadipic acid concentration,
increased urine a-ketoadipic acid levels, and a marked further increase in plasma a-
aminoadipic acid concentration upon a lysine challenge. Therefore the mutant DhtkdZ allele
identified in C57BL/6J mice could be used to study the consequences of DHTDK1
deficiency. In addition to this natural variant, a targeted Dhtkd? KO mouse model was
recently generated using the TALEN approach [33].

Mutations in BCKDHB lead to a defect in the BCKDH complex and are a cause of MSUD
in humans. We estimated that the residual BCKDHB protein expression is ~18% in mice
with the structural variant. This is within the range of residual BCKDH complex activity
reported in patients with milder (variant) MSUD [34]. However, the absence of
pathognomonic alloisoleucine in plasma even after a BCAA load and the absence of
elevated BCKA in urine suggest that the BCKDHB defect in C57BL/6J is of limited
physiological significance.

IVA due to mutations in /VD s an inborn error of leucine degradation. IVA is a harmful and
potentially life-threatening disorder, but early diagnosis through newborn screening and
dietary intervention improves patient outcomes [35]. There is currently no mouse model
available to study the pathophysiology of IVA. Our work suggests that 129 mice have IVA
and thus the /vat29 allele may be useful to generate a mouse model for IVA. Moreover, all
early transgenic mouse models were generated using ES cells derived from 129 substrains,
and although these models are now often backcrossed to other inbred strains, many mouse
models are still on a full or partial 129 background, and therefore carry the hypomorphic
vt allele.

The genetic standardization resulting from the use of inbred mouse strains has improved the
reproducibility of experiments by decreasing a major source of variation between
individuals. At the same time, studying one individual mouse inbred line is not unlike
human case reports, which have marginal validity on the population level. Therefore, the use
of single inbred lines may underpin the fact that data cannot easily be generalized to other
strains; most importantly, this may contribute to the limited translation of findings in mouse
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to humans. In addition, we have shown that any chosen inbred strain can harbor impactful
genetic variants (Table 1). A particular variant can make a strain less suitable to study a
specific process due to gene-gene or gene-environment interactions [36]. Our study
reinforces the notion that using diverse populations of mice such as BXD or collaborative
cross recombinant inbred strains will avoid many of the pitfalls of studying mice on a single
genetic background.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Identification of the structural variant in DAtkd1 causing a-aminoadipic acidemia in
C57BL/6J mice. (A) Dhtkdl mRNA expression in liver of 129S2/SvPasCrl, DBA/2J and
C57BL/6J mice as measured by quantitative PCR. (B) Plasma a.-aminoadipic acid
concentrations in random fed mice as measured in the Biocrates panel. Samples were also
analyzed by the Mount Sinai Biochemical Genetic Testing Lab with similar results. (C)
Immunoblot analysis and quantification of DHTKD1 protein levels in liver. CS denotes
citrate synthase. DHTKD1 expression was normalized using CS. The average DHTKD1/CS
for 129S2/SvPasCrl was set to 1. Each group consisted of 4 male mice, but for the
immunoblot only 3 mice per group were analyzed. Error bars indicate SD and ** P < 0.01 in
a one-way ANOVA with Dunnett’s multiple comparisons test. (D) Plasma a.-aminoadipic
acid concentrations in 4 selected Collaborative Cross mouse strains (A/J, CAST/EiJ, NZO/
HILtJ and PWK/PhJ) sacrificed at 1pm (random fed). Samples were analyzed by the Mount
Sinai Biochemical Genetic Testing Lab. Each group consisted of 4 male mice, but one
PWK/PhJ mouse died before the sample collection and one CAST/EiJ sample was deemed
to be an outlier (grey square in the figure). Error bars indicate SD and ** P < 0.01 in a one-
way ANOVA with Dunnett’s multiple comparisons test. (E) Immunoblot analysis and
guantification of DHTKD1 protein levels in liver of the B6129PF2 cohort. The effect of the
Dhtkd1B5 allele was estimated using linear regression. (F) Concentration of a.-aminoadipic
acid in plasma of two groups in the B6129PF2 cohort. Group 1 was a control group, whereas
group 2 was treated with a compound (L-aminocarnitine). The inheritance of the elevated a-
aminoadipic acid concentration is recessive and we did not perform linear regression
analysis. A two-way ANOVA revealed a highly significant genotype effect.
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Figure 2.

Identification of the structural variant in Bckdhb causing BCKDHB deficiency in C57BL/6J
mice. (A) Bckdhb mRNA expression in liver of 129S2/SvPasCrl, DBA/2J and C57BL/6J
mice as measured by quantitative PCR. Error bars indicate SD and ** P < 0.01 in a one-way
ANOVA with Dunnett’s multiple comparisons test. (B) Immunoblot analysis of BCKDHB
protein levels in livers of 12952/SvPasCrl, DBA/2J and C57BL/6J mice. (C) Quantification
of BCKDHB protein levels in liver of mice from the B6129PF2 cohort. The effect size of
each mutant Bckadhb allele was estimated using linear regression. (D) Ratio of the plasma
concentration of BCAA over alanine (Ala).
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Isovaleric acidemia in 129 mice. (A) Plasma C5-carnitine concentrations in random fed
129S2/SvPasCrl, DBA/2J and C57BL/6J mice as measured in the Biocrates panel. Samples
were also analyzed by the Mount Sinai Biochemical Genetic Testing Lab with similar
results. Error bars indicate SD and ** P < 0.01 in a one-way ANOVA with Dunnett’s
multiple comparisons test. (B) UPLC-MS/MS analysis of C5-carnitine in plasma of 12952/
SvPasCrl, C57BL/6J and DBA/2J mice. Peak 2 was identified as isovalerylcarnitine based
on a reference standard. Peak 1 is most likely 2-methylbutyrylcarnitine. Counts of the
highest peak were normalized to 100%. (C) Immunoblot analysis of IVD protein levels in
livers of 129S2/SvPasCrl, DBA/2J and C57BL/6J mice. The arrow indicates the position of
an IVD proteolytic fragment. (D) Quantification of I\VD protein levels in liver of mice from

the B6129PF2 cohort.

Mol Genet Metab. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leandro et al.

A Urine Organic Acids

600+

400

2004

mmol/mol creat

a-ketoadipic acid

P =0.0206

—5r— —sn—

B Ami

250+
200+
150

umol/L

20
10+

&t
o
o

100+

> S 0@

ot v
&
i OQV\ (‘é\@

no acid challenges

a-aminoadipic acid

ANOVA table A
I: P = 0.0002
C: P <0.0001
S: P =0.0003 e

ey
vy * ®

A

0

1.5
1.0

0.54
0.4+

umol/L

0.3
0.2
0.1

B B T

Saline BCAA Lysine

C5-carnitine

ANOVA table

I: P =0.4423

C: P =0.0029
° S: P =0.0192
o u"

° L 2

:: * e g

%
°
-

— A
al 2%

n
'.‘l‘

0.0

Saline

BCAA

Lysine

Figure 4.

umol/L

umol/L

BCKA
1000+
+ 800+
o =
S 6001 % %
[}
E 7y
3 4004
£
E 200
N > >
ot G R
9
3"' o‘bvX 6\0
& e
&
N2
lysine
1500+
ANOVA table R
I: P =0.0263 .
10004 C:P<0.0001 u
S:P=0.0136 -
A
500 A%
L ° N
i by
0

15004

1000

500

Saline BCAA

BCAA
ANOVA table
o I: P=0.2352
° as C:P<0.0001
a S:P=0.7118
-
[¢]
— n L]
o A 9.
(% ‘ o .: °® w Hé
L]
Saline BCAA Lysine

umol/L

ratio

mmol/mol creat

800+

600

4004

200

600+

400

200

Page 18
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Functional assessment of the identified variants in 129S2/SvPasCrl, DBA/2J and C57BL/6J
mice. (A) Quantification of a-ketoadipic acid, BCKA (sum of 2-ketoisovaleric, 2-keto-3-
methylvaleric and 2-ketoisocaproic acids) and isovalerylglycine in urine samples from
129S2/SvPasCrl (n = 3 of which one pooled sample), DBA/2J (n = 2 pooled samples) and
C57BL/6J (n = 4 of which one pooled sample) mice. P value indicates the result of a
Kruskal-Wallis test. (B) Mice (129S2/SvPasCrl, DBA/2J and C57BL/6J) were challenged
with an ip injection of saline, 500mg/kg BCAA (V150, L221, 1129) or 500mg/kg lysine.
Plasma amino acids and acylcarnitines were analyzed one hour after the injection. In the
lysine challenge one 129S2/SvPasCrl mouse and one C57BL/6J mouse were non-
responders. These samples are indicated with a grey circle and grey triangle respectively. For
unknown reasons, many of the 129S2/SvPasCrl mice did not respond the BCAA challenge.
The samples with the largest increase in C5-carnitine were also the samples in which the
BCAA concentration increased to similar levels as in the DBA/2J and C57BL/6J strain.
These samples are indicated in circles with different scales of grey. A two-way analysis of
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variance was performed and the results are displayed in a table for each graph. | denotes the
interaction term, C denotes the challenge effect and S denotes the strain effect.
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