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Abstract

Autism spectrum disorders are a genetically heterogeneous constellation of syndromes
characterized by impairments in reciprocal social interaction. Available somatic treatments have
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limited efficacy. We have identified inactivating mutations in the gene BCKDK (Branched Chain
Ketoacid Dehydrogenase Kinase) in consanguineous families with autism, epilepsy, and
intellectual disability. The encoded protein is responsible for phosphorylation-mediated
inactivation of the E1a subunit of branched-chain ketoacid dehydrogenase (BCKDH). Patients
with homozygous BCKDK mutations display reductions in BCKDK messenger RNA and protein,
Ela phosphorylation, and plasma branched-chain amino acids. Bckdk knockout mice show
abnormal brain amino acid profiles and neurobehavioral deficits that respond to dietary
supplementation. Thus, autism presenting with intellectual disability and epilepsy caused by
BCKDK mutations represents a potentially treatable syndrome.

Approximately 25% of individuals with classically defined autism also suffer from epilepsy
(1). Although autism is highly heritable (2), the specific genetic causes remain obscure in
the majority of cases. Here, we present the results of whole-exome sequencing from two
consanguineous families, one of Turkish descent (family 558) and a second of Egyptian
ancestry (family 18), presenting with typically developing parents, two siblings with autism,
intellectual disability (ID), and either seizure or abnormal electroencephalogram (EEG) and,
in one family (558), an unaffected sibling (Fig. 1A, table S1, and supplementary text).

We performed whole-exome sequencing in both families as part of parallel efforts among
patients with autism and/or epilepsy at Yale and UCSD/Broad Institute. We focused on the
identification of homozygous variants predicted to result in loss of protein function,
consistent with the presumed mode of recessive inheritance. Using Homozygosity Mapper
software (3), we refined the search to identify haplotypes that were identical by descent (fig.
S1A). In each of these families, we identified a distinct, null, homozygous mutation in the
gene Branched Chain Ketoacid Dehydrogenase Kinase (BCKDK). In family 558, we
identified a cytosine-to-thymine substitution in exon 4 (C466T) resulting in a premature stop
codon at amino acid position 156, prior to the kinase domain (Fig. 1B). In family 18, a
single base deletion (c.G222del) in exon 2 led to a frame-shift terminating the protein at
position 74 of 412 amino acids (Fig. 1B and fig. S1B). Both the mutations were in
constitutively spliced exons and segregated in the family according to a recessive mode of
inheritance. These variants were not present in more than 200 ethnically matched, healthy
control chromosomes, nor in our in-house data set of approximately 2200 chromosomes or
in publicly available databases. No other homozygous loss-of-function mutations
segregating with affected status were identified in either family (table S2).

We next searched for other BCKDK variants in patients with similar phenotypes within our
in-house exome database enriched for a history of consanguinity. We identified one
additional family (family 1435) of Libyan ancestry presenting with autism and ID (table S1
and supplementary text), carrying a missense (c.G671C) mutation (Fig. 1A) mapping within
a linkage peak (lod score of 2.2) on chromosome 16 (fig. S1A) and leading to the
substitution of a highly conserved arginine with a proline at position 224 in BCKDK (Fig.
1C). Modeling of the p.R224P mutation using the crystal structure of rat Bckdk (4)
suggested disruption of the p sheet in a flexible linker domain (Fig. 1D).

The branched-chain ketoacid dehydrogenase (BCKDH) complex catalyzes the irreversible,
rate-limiting step in the catabolism of branched-chain amino acids (BCAAS) (5), and
BCKDK encodes a kinase that phosphorylates and thus inactivates the E1la subunit of this
complex (6) (Fig. 2E). Mutations in any of the three subunits of the BCKDH complex lead
to toxic accumulation of BCAAs and their metabolites and are the cause of maple syrup
urine disease (7), characterized by severe neurological complications and treated by dietary
restriction of BCAAS, which are essential amino acids (8). BCKDK is expressed widely in
mouse and human tissues (fig. S2) (9). Relative to controls, we found reduced mRNA levels
in cell lines from the two affected patients in families 558 and 18, suggesting nonsense-
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mediated mRNA decay (Fig. 2A and fig. S3A), as well as undetectable levels of BCKDK
protein on Western blot (Fig. 2B and fig. S3B). Supporting a role of BCKDK in negative
regulation of the BCKDH complex, we tested a phospho-specific antibody to the BCKDK
phosphorylation site at residue 293 of the ELla BCKDH subunit (10) and found absence of
reactivity in dermal fibroblasts of the affected individuals in family 558 (Fig. 2C) and in
tissue of the Bckdk™'~ mouse (fig. S4). These data suggest that patients with BCKDK
mutations may lack basal, negative regulation of BCKDH activity.

Mice deficient for Bckadk display increased basal activity of the BCKDH complex as well as
reduced BCAAS in various tissues (11). We measured plasma BCAAs in our patients and
found that each patient with a homozygous mutation showed notably lower levels of plasma
BCAAs than their healthy relatives and with respect to reference ranges (Fig. 2D and tables
S3to S5). Declines in BCAAs in affected patients with null mutations were more substantial
(with respect to normal reference ranges) than those in patients with missense variants
(tables S3 to S5) (12). There was no accumulation of BCAAs in the urine (table S6),
excluding abnormally high BCAA urinary excretion. None of the affected individuals was
known to eat a diet deficient in protein, as evidenced by their normal fasting plasma levels
of the other essential amino acids (tables S3 to S5 and supplementary text). We did not
observe accumulation of organic acids (Fig. 2E) in the blood of our patients (table S7),
which suggests that these products were efficiently eliminated in the urine.

To uncover cellular phenotypes of human cells lacking BCKDK, we generated pluripotent
stem cells (iPSCs) from the fibroblasts of the healthy brother and the two affected sisters
from family 558 by means of episomal reprogramming (supplementary text) (13). All iPSC
lines were positive for pluripotent markers (fig. S5B), showed normal karyotype, and
demonstrated expected gene expression profiles as a function of these conditions (fig. S6A).
We differentiated three iPSC lines per individual into embryoid bodies, then neural rosettes,
and finally, neural progenitor cells (NPCs) (fig. S5A). To reduce variability in the
differentiation efficiency, we used fluorescence-activated cell sorting (FACS) to generate
homogeneous NPC populations. CD184+*CD24*CD44-CD271" cells were sorted (14) and
passaged for five cycles before analysis, resulting in 99.9% of the cells being positive for
Nestin, a marker of neural stem cells. (fig. S7A). There were no notable differences in the
morphology or in the proliferation of cells of wild-type and mutant genotypes (fig. S7, A
and B).

To uncover potential cell-autonomous phenotypes, we exposed NPCs to reduced levels of
BCAA:s in the culture media. Typical culture medium is supplemented with a total
concentration of ~1200 M BCAAs, so we reduced these concentrations over several orders
of magnitude to nearly zero. We found no genotype-dependent differences in cell survival or
proliferation (fig. S7, B and C). We next differentiated the NPCs into mature neurons by
basic fibroblast growth factor withdrawal, which resulted in nearly 100% of the cells
becoming positive for neuron-specific p-tubulin Tujl and the cytoskeletal protein Map2 (fig.
S8, A and B). We found no differences in numbers of differentiated cells per well, dendrites
per cell, presynaptic punctae per length of dendrite, or area of the cell soma (fig. S8). There
were no appreciable differences in gene expression or metabolic profiles of these cultured
neurons, arguing against a major cell-autonomous role for BCKDK in the pathogenesis of
the disease.

We next explored the possibility of cell-nonautonomous mechanisms by returning to the
Bckdk™'~ mice. Mutants were born at the expected Mendelian ratio and were healthy at birth
but showed growth retardation that could be recovered by feeding a BCAA-rich diet (11).
Adults developed neurological abnormalities, such as tremors, epileptic seizures, and
hindlimb clasping phenotypes observed in some other mouse models of autism spectrum
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disorders (15, 16). Gross brain histology, however, was normal (11) (fig. S9). To identify
possible pathways contributing to the neurological phenotype, we performed a gene
expression profile of mouse brain cortex from wild-type and Bckak™~ mice prior to the
onset of seizures (fig. SL0OA and supplementary text) followed by comprehensive pathway
analysis (fig. S10B). There were several relevant perturbed pathways, including the brain-
expressed amino acid transporter network (fig. S10C).

BCAA:s are transported across the blood-brain barrier (BBB) mainly by the heterodimeric
amino acid transporter SLC7A5 SLC3AZ2 (or LAT1), a member of the L-type transporter
family and, to a lesser extent, by members of the y-type family and the Na*-dependent
LNAA transporter (17) (Fig. 3A). In the brain, LAT1 is expressed almost exclusively in the
basolateral and apical membranes of the BBB endothelial cells (18) (Fig. 3A). Expression
levels of SLC7A5/SLC3A2 change in response to amino acid availability (19, 20). We
reasoned that the altered expression of the transporters might be a direct response to the low
concentration of plasma BCAAs. At normal plasma amino acid concentrations, these amino
acid transporters are fully saturated and shared by a number of large neutral amino acids
(LNAAS). Therefore, plasma amino acids compete with each other for transport across the
BBB. A decrease in plasma BCAAs could lead to a perturbation in brain concentrations of
not only BCAAs but also other LNAAs. Thus, we quantified amino acid concentrations in
brain homogenates from post-natal day 14 (P14) wild-type and knockout mice. In addition
to the expected reduced brain BCAAS, there were also significantly increased levels of
threonine, phenylalanine, tyrosine, histidine, and methionine, the exact LNAAs that are
carried by these transporters (Fig. 3A), which suggests imbalanced BBB transport. Because
several of these amino acids are precursors for important neurotransmitters, it remains a
possibility that the reduced BCAAs and/or the increased LNAAS contribute to the
neurological phenotype. In fact, patients with uncontrolled MSUD display reduced brain
LNAAs, and the degree to which the reduced or increased amino acids contribute to the
phenotype remains controversial (21).

The data suggest that the neurological phenotype may be treated by dietary supplementation
with BCAAs. To test this hypothesis, we studied the effect of a chow diet containing 2%
BCAAs or a BCAA-enriched diet, consisting of 7% BCAAs, on the neurological phenotypes
of the Bckak™~ mice. Mice raised on the BCAA-enriched diet were phenotypically normal.
On the 2% BCAA diet, however, Bckak™'~ mice had clear neurological abnormalities not
seen in wild-type mice, such as seizures and hindlimb clasping, that appeared within 4 days
of instituting the 2% BCAA diet (Fig. 3B). These neurological deficits were completely
abolished within a week of the Bckak™'~ mice starting the BCAA-enriched diet, which
suggests that they have an inducible yet reversible phenotype (Fig. 3C).

Our experiments have identified a Mendelian form of autism with comorbid 1D and epilepsy
that is associated with low plasma BCAAs. Although the incidence of this disease among
patients with autism and epilepsy remains to be determined, it is probably quite a rare cause
of this condition. We have shown that murine Bckadk™~ brain has a disrupted amino acid
profile, suggesting a role for the BBB in the pathophysiology of this disorder. The
mechanism by which abnormal brain amino acid levels lead to autism, ID, and epilepsy
remains to be investigated. We have shown that dietary supplementation with BCAAS
reverses some of the neurological phenotypes in mice. Finally, by supplementing the diet of
human cases with BCAAS, we have been able to normalize their plasma BCAA levels (table
S10), which suggests that it may be possible to treat patients with mutations in BCKDK with
BCAA supplementation.
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Fig. 1.
Mutations in the BCKDK gene in patients with autism, 1D, and epilepsy. (A) Pedigrees 558,
18, and 1435 display first-cousin consanguinity and two affected patients each (solid
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symbols), some with unaffected members (open symbols). Sequence chromatograms
correspond to noncarrier sibling (for 558 and 1435) or obligate carrier parent (for 18). (B)
Schematic of BCKDK protein with mitochondrial localization signal (Mito) and kinase
domain, depicting p.M74fs, p.R156*, and p.R224P mutations from pedigrees 18, 558, and

1435, respectively. (C) Sequence conservation of arginine residue throughout evolution (I,
lle; C, Cys; T, Thr; R, Arg; L, Leu; S, Ser). (D) Predicted effect of Arg — Pro substitution
leading from a f sheet (left) to an unfolded domain (right). Mutation mapped onto the

crystallized rat protein corresponds to amino acid position 193.
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Fig. 2.

Effect of BCKDK p.R156* mutation in affected and unaffected individuals from family 558.
(A) Reverse transcription polymerase chain reaction showing reduced levels of mMRNA in
affected patients; GAPDH levels are shown as a control. (B) Western blot probed with
BCKDK-specific antibody (arrow). Fibroblast lysates from family 558 showing
undetectable BCKDK protein in affected patients (A, V-2, and 1V-3) relative to unaffected
patients (U, 1V-1). Wild-type and Bckadk knockout (KO) mice lysates served as positive and
negative controls. (C) Western blot probed with phospho-specific pSer293 antibody of Ela
subunit of BCKDH enzyme. In the absence of calf intestinal phospha-tase (CIP), a distinct
band is present in the unaffected individual (U), absent in the two affected individuals (A),
and nearly abolished after CIP treatment. (D) Reduced levels of plasma BCAAs in affected
patients (red symbols) compared with parents and unaffected sibling (green symbols). Gray
bars represent normalized standard values. (E) Schematic diagram of the BCAA catabolic
pathway. BCAT, branched-chain aminotransferase; BCKA, branched-chain a-keto acid;
BCKDH, branched-chain a-keto acid dehydrogenase; R-CoA, succinyl-CoA, acetyl-CoA,
and methylmalonyl-CoA.
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Fig. 3.

Bckadk™~ neurological abnormalities rescued by supplementation with BCAAs. (A) Brain
amino acid levels in P14 Bckak™'~ mice. Levels of amino acids were normalized on wet
tissue weight and are shown as percentage of wild-type littermates (WT, n=3; KO, n=4).
Error bars represent SE; *P < 0.05. Right: Schematic of the amino acid transporters
expressed in cells of the BBB. The L- and y*-type transporters are responsible for the
transport of the BCAAs and other LNAAS. (B) Mice raised on a BCAA-enriched diet (7%
BCAA) were assessed for 2 days for hindlimb clasping. Starting on the evening of the
second day, the mice were fed a 2% BCAA diet until day 8. Mice were tested for hindlimb
clasping twice per day. WT, n=1; KO, n= 2. Error bars represent SD. The observer was
blinded to the genotype. (C) Bckak™'~ mice neurobehavioral tests for animals fed a 2%
BCAA diet (day 1 to day 3) or a BCAA-enriched diet (day 3 to day 7). Mice were tested
twice per day for hindlimb clasping (1 to 2 months old) and seizures (4 to 6 months old).
Error bars represent SD; n=5 for each test.
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