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Abstract: Schizophrenia is a multifaceted mental illness characterized by cognitive and
neurobehavioral abnormalities. Carnitine palmitoyltransferase II (CPT II) deficiency is a metabolic
disorder resulting in impaired transport of long-chain fatty acids from the cytosol to the mitochondrial
inner membrane, where fatty acid β-oxidation takes place. Here, we present an interesting clinical
case of an adolescent male that presented with psychosis and a history of mild-to-moderate CPT II
deficiency. To identify germline genetic variation that may contribute to the phenotypes observed,
we performed whole-exome sequencing on DNA from the proband, unaffected fraternal twin,
and biological parents. The proband was identified to be homozygous for the p.Val368Ile and
heterozygous for the p.Met647Val variant in CPT2. Each of these variants are benign on their
own; however, their combined effect is unclear. Further, variation was identified in the dopamine
β-hydroxylase (DBH) gene (c.339+2T>C), which may contribute to decreased activity of DBH;
however, based on the patient’s presentation, severe DBH deficiency is unlikely. In conclusion,
the variants identified in this study do not clearly explain the observed patient phenotypes, indicating
that the complex phenotypes are likely caused by an interplay of genetic and environmental factors
that warrant further investigation.

Keywords: whole-exome sequencing (WES); carnitine palmitoyltransferase II (CPT II); schizophrenia;
psychosis; metabolic deficiency; dopamine-β-hydroxylase; hypoglycemia; seizures

1. Introduction

Congenital metabolic diseases are rare inherited genetic disorders associated with a wide range of
neurodevelopmental etiologies, including epilepsy, attention deficit disorders, intellectual disabilities,
and autism spectrum disorder [1,2]. The vast majority of ATP used by the brain is thought to be supplied
by mitochondrial oxidative phosphorylation, not long-chain fatty acid (LCFA)β-oxidation [3]. However,
during early postnatal brain development and periods of starvation, neurons use ketone bodies
produced by astrocytes or from the liver for β-oxidation and ATP synthesis [4]. β-oxidation of LCFAs
depends upon the carnitine transferase system, or “carnitine shuttle”, to mediate carnitine-dependent
entry of long chain acyl-Coenzyme A (acyl-CoA) into the mitochondrial matrix [5,6] (Figure 1).
Acylcarnitine production in the brain is thought to be important for lipid synthesis, stabilization
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of membrane composition, modulation of protein synthesis and function, regulation of antioxidant
production, and increased cholinergic neurotransmission [7]. The primary carnitine shuttle proteins
are mitochondrial carnitine palmitoyltransferase 1 (CPT1) and carnitine palmitoyltransferase 2 (CPT2).
In rodent models, Cpt1a and Cpt2 transcript expression is found in almost all central nervous system
regions, particularly the brainstem, cerebellum, and spinal cord, with the highest levels being found in
the hippocampus and cerebellum [8].
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Figure 1. Schematic diagram depicting the enzymes involved in the transport of medium- and long-
chain fatty acids into mitochondria. A key regulatory step in the process of fatty acid β-oxidation is 
the entrance of fatty acids into the mitochondria. This process is mediated by the carnitine-shuttle 
enzyme complex. Fatty acids that enter the cytosol are activated by the enzyme acyl-Coenzyme A 
(CoA) synthetase to produce long-chain fatty acid acyl-CoAs. Due to the lack of the acyl-CoA 
transporter in the mitochondrial inner membrane, the acyl group is transferred to the shuttle 
molecule, carnitine. In a rate-limiting step, carnitine palmitoyl transferase 1 (CPT1) catalyzes the 
conversion of long-chain acyl-CoAs into acylcarnitine at the mitochondrial outer membrane. 
Acylcarnitines cross the inner mitochondrial membrane via the carnitine acylcarnitine transporter 
(CACT). Carnitine palmitoyl transferase 2 (CPT2) is located on the matrix side of the inner 
mitochondrial membrane, where it transfers back the acyl groups from long-chain acylcarnitines to 
mitochondrial CoA, forming long-chain acyl-CoAs. Fatty acyl-CoA molecules then undergo the 
process of fatty acid β-oxidation, producing acetyl-CoA, which enters the tricarboxylic acid (TCA) 
cycle to produce energy (i.e., Adenosine Triphosphate, ATP). Carnitine can be removed from the 
mitochondrial matrix by CACT or the enzyme carnitine acetyltransferase (CAT) which can catalyze 
the transfer of short-chain fatty acids from CoA to carnitine.  

Mutations in either carnitine palmitoyltransferase are associated with significant morbidity and 
mortality. Severe mutations in CPT1 or CPT2 (termed CPT I and CPT II deficiencies, respectively) 
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Figure 1. Schematic diagram depicting the enzymes involved in the transport of medium- and long-chain
fatty acids into mitochondria. A key regulatory step in the process of fatty acidβ-oxidation is the entrance
of fatty acids into the mitochondria. This process is mediated by the carnitine-shuttle enzyme complex.
Fatty acids that enter the cytosol are activated by the enzyme acyl-Coenzyme A (CoA) synthetase to
produce long-chain fatty acid acyl-CoAs. Due to the lack of the acyl-CoA transporter in the mitochondrial
inner membrane, the acyl group is transferred to the shuttle molecule, carnitine. In a rate-limiting
step, carnitine palmitoyl transferase 1 (CPT1) catalyzes the conversion of long-chain acyl-CoAs into
acylcarnitine at the mitochondrial outer membrane. Acylcarnitines cross the inner mitochondrial
membrane via the carnitine acylcarnitine transporter (CACT). Carnitine palmitoyl transferase 2 (CPT2) is
located on the matrix side of the inner mitochondrial membrane, where it transfers back the acyl groups
from long-chain acylcarnitines to mitochondrial CoA, forming long-chain acyl-CoAs. Fatty acyl-CoA
molecules then undergo the process of fatty acid β-oxidation, producing acetyl-CoA, which enters the
tricarboxylic acid (TCA) cycle to produce energy (i.e., Adenosine Triphosphate, ATP). Carnitine can
be removed from the mitochondrial matrix by CACT or the enzyme carnitine acetyltransferase (CAT)
which can catalyze the transfer of short-chain fatty acids from CoA to carnitine.

Mutations in either carnitine palmitoyltransferase are associated with significant morbidity and
mortality. Severe mutations in CPT1 or CPT2 (termed CPT I and CPT II deficiencies, respectively) lead
to build-up of toxic metabolites, which are fatal shortly after birth. CPT I deficiencies are rare autosomal
recessive metabolic disorders that cause recurrent attacks of hypoketotic hypoglycemia, hepatomegaly,
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seizures, renal tubular acidosis, and hyperammonemia. CPT II deficiencies are autosomal recessive or
compound heterozygous metabolic disorders and are more common than CPT I deficiencies. Clinically,
CPT II deficiency may present in different forms: a lethal neonatal form, a severe infantile form, or a
mild myopathic form [9,10]. The infantile form occurs within 6–24 months of age and presents with
recurrent hypoglycemia, cardiomyopathy, seizures, and multiorgan failure including the respiratory
and hepatobiliary systems. For the majority of infantile CPT II deficiency cases, the average prognosis
is 12 months with the current gold standard treatment. The myopathic form of CPT II deficiency
is most common and manifests from infancy to adulthood. This form is characterized by episodes
of rhabdomyolysis triggered by prolonged exercise, fasting, or febrile illness. Treatment for CPT
II deficiencies includes avoidance of fasting and intense exercise and a low-fat diet enriched with
medium-chain triglycerides and carnitine supplementation [11].

Here, we detail an interesting clinical case of mild-to-moderate carnitine deficiency comorbidity
with early childhood seizure, adolescent development of attention deficit hyperactivity disorder
(ADHD), and early-onset psychosis consistent with schizophrenia. The coexistence of carnitine
deficiency, seizure, and neuropsychiatric disorder suggested the possibility of an ultra-rare genetic
variant affecting fatty acid oxidation [12,13]. Whole-exome sequencing (WES) was performed on this
proband and his father, mother, and unaffected fraternal twin to identify potential causative variants
under a monogenic disease model.

2. Case Presentation

2.1. Clinical Course

Retrospective chart review, re-contact of this family, and consent for WES was approved by
the Creighton University Institutional Review Board (protocol #1172777; approved 11-28-2018) in
compliance with all relevant federal, state and local regulations and the Declaration of Helsinki.
Informed consent was obtained from the patient, his unaffected twin sister, biological mother
and father. The proband (10000.p1) was born demonstrating low APGAR (Appearance, Pulse,
Grimace, Activity, and Respiration) scores, fetal distress, and jaundice. Shortly following birth,
the proband had a left-sided focal seizure requiring stabilization in the neonatal intensive care unit
(NICU). Following this initial event, the remainder of childhood development was uncomplicated
until 20–22 months, when the proband was brought to medical attention for a tonic–clonic seizure.
Through history provided by the parents, it was determined that the seizure activity was likely
precipitated by a hypoglycemic state secondary to poor feeding. Imaging at this time demonstrated no
acute findings. However, bilateral adrenal calcifications were incidentally discovered and thought
to be due to neonatal hemorrhage. Testing following the episode showed blood glucose levels
were down to ~30 mg/dL and insulin levels were essentially undetectable at 3 mlU/L. There was
a discrepant elevation in his blood free fatty acid levels at 1.14 mmol/L and low levels of free
carnitine, which suggested a defect in fatty acid oxidation. The proband was stabilized by
dietary management of carbohydrates, protein, and fats (30% of total daily calories), with feeding
intervals every 2–3 h. The remainder of the proband’s development was unremarkable, other than a
persistent fatigability leading to further medical evaluation at age 11. Metabolic testing for recurrent
hypoglycemia showed elevated acylcarnitine levels suggesting either translocase (CACT) or CPT II
deficiency [14,15]. Mitochondrial studies from cultured skin fibroblasts were conducted at Baylor
College of Medicine on all family members. Probe studies showed an elevation of C16 in cells
from the proband (10000.p1), his biological mother (10000.mo) and father (10000.fa), but not his
unaffected fraternal twin (10000.s1). CPT2 activity was further tested on the proband with a research
protocol [16] in Paris, France, using cultured proband skin fibroblasts. CPT2 activity was examined by
measuring the palmitoyl-l-(methyl-14C)carnitine (14C-PalCar) formed from l-(methyl-14C)carnitine
and palmitoyl-CoA. Activity levels are reported as nanomole palmitoyl-l-(methyl-14C)carnitine formed
per minute per milligram of cell protein (nmol 14C-PalCar/min/mg protein) [17]. Proband CPT2 activity
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was reportedly reduced by approximately 50% (0.48) compared to unrelated controls (0.94 ± 0.21;
n = 19), suggesting CPT II deficiency. Other biological family members were not tested with this
protocol. The patient was diagnosed with mild-to-moderate CPT II deficiency, at which point carnitine
supplementation with levocarnitine at the maximum pediatric dose of 3 g/day PO was initiated.

As an adolescent, the proband struggled with concentration, causing a significant impact on his
academic performance and social development. After clinical evaluation, the proband was placed
on a standard dose of lisdexamfetamine at 40–70 mg/day PO. Around this time, he began to develop
persecutory-subtype delusions. The proband reported noticing patterns with significant personal
meaning that were demeaning to them. The stimulant was discontinued, but the proband’s delusions
persisted even after cessation. Stabilization for this acute episode of psychosis was achieved by a
multi-drug regimen of risperidone 5 mg/day PO (Per os, oral administration), aripiprazole 2 mg/day
PO, mirtazapine 15 mg/day PO, and benztropine 0.5 mg/PO. Following a transition in psychiatric
care, an MRI scan showed occipital lobe encephalomalacia suggestive of long-standing cortical injury.
The medical intervention was transitioned to the antipsychotic paliperidone at a dosing schedule of
3 mg/day PO. This intervention significantly reduced the proband’s psychiatric symptoms and he
was transitioned to a long-acting injectable formulation of paliperidone (234 mg every 28 days) for
maintenance therapy. Despite sustained improvement with this therapeutic intervention, the proband
continues to report sporadic issues with ideas of reference and racing thoughts but has no other
functional deficits or significant comorbidities at this time.

2.2. Family-Based Sequencing Identifies Compound CPT2 Variation in the Proband

To identify germline genetic variation that may contribute to the phenotypes observed in this
proband, we performed WES on saliva DNA [18,19] from the proband, his unaffected fraternal
twin, and biological mother and father. This strategy has yielded much fruit under a variety of
neurodevelopmental disease models [20–23]. The fraction of exome targets that were covered at ≥20X
depth was ≥95% across all family samples. Sequence mapping statistics suggested that all family
samples were of similar quality and could be compared (Table S1). Variant calling for single-nucleotide
variants (SNVs) and insertions–deletions (INDELs) showed that all family members carry a similar
load of genetic variation (Table S2). In the proband, 10,502 coding SNPs (Table S3) and 623 INDELs
(Table S4) were identified. Of these variants, 93% were predicted to be missense, 5.5% frameshifting,
0.71% nonsense, and 0.70% splicing. As expected, the vast majority of these variant alleles were
inherited (Table S5). For many common heterozygous variants identified in the proband, the mother
and father were both carriers. Given our short-read data, phasing of these variants was not possible
(i.e., “origin unknown”; Tables S3–S5). For those variants that could be phased, 57% were inherited
from the father and 43% from the mother (Tables S3–S5). Two potentially de novo coding variants
were identified in the proband—a missense variant (p.Cys56Gly) in the gene TMEM196 (Table S3) and
an in-frame deletion variant (p.Pro12del) in the gene LONRF2 (Table S4). Literature studies were not
available for either of these genes supporting their potential involvement in the phenotypes observed
in this proband.

Based on the previous CPT2 functional findings, we initially focused on germline genetic variation
in the carnitine synthesis pathway. Variants of interest were validated by Sanger sequencing (primers
shown in Table S6). The first of two identified CPT2 variants (NC_000001.10:g.53676448G>A (GRCh37);
NM_000098.2:c.1102G>A; NP_000089.1:p.Val368Ile) were transmitted to the proband (homozygous)
from both the mother and father, who are heterozygous carriers. The unaffected twin did not inherit
this variant (wild-type; Figure 2). This variant is common among individuals of European ancestry
(allele frequency of ~54%; Table S7) and can be found under the following accessions: ClinGen:
CA285313; OMIM: 600650.0018; dbSNP: rs1799821. This single base pair variant results in an amino
acid change at position 368 from Val to Ile, a conservative change. Multiple in silico algorithms predict
this variant to be benign (Table S3), in agreement with the clinical citations in ClinVar. Compound V368I
variation with F352C (NG_008035.1:g.19301T>G; NM_000098.2:c.1055T>G; NP_000089.1:p.Phe352Cys;
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rs2229291) has been associated with decreased CPT2 activity, stability [24], and influenza-associated
encephalopathy (IAE) [25,26]. However, the F352C variant was not identified in any members of
this family.
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A second identified CPT2 variant (NC_000001.10:g.53679229A>G (GRCh37); NM_000098.2:c.1939A>G;
NP_000089.1:p.Met647Val) was transmitted to the proband from the mother. Both the mother and
the proband are heterozygous for this variant, whereas the father and twin are wild-type (Figure 2).
This variant, although less common than Val368Ile, has a frequency of 13–22% among individuals of
European ancestry (Table S8) and can be found under the following accessions: ClinGen: CA285315;
dbSNP: rs1799822. This single base pair variant results in an amino acid change at position 647 from
Met to Val. While the SIFT algorithm predicts that this variant may disrupt CPT2 protein function
(Table S3), clinical annotations predict that this variant is likely benign. The M647V variant has also
been identified in several published IAE cases [27].

Assessment for additional variation that may affect carnitine metabolism in this proband
revealed one benign heterozygous missense variant in CPT1 [28] but no variation in the transporter,
SLC25A20 (CACT). Taken together, none of the variation identified in the carnitine synthesis pathway
could clearly explain the phenotypes observed in the proband. Although the p.Val368Ile and
p.Met647Val variants alone in their heterozygote state are predicted to be benign, the effect of the
combined homozygous p.Val368Ile and heterozygous p.Met647Val variant, as seen in the proband,
is unknown.

2.3. Identification of DBH Compound Heterozygous Variants

In order to identify additional germline variation that might be linked to the etiologies observed
(specifically infantile hypoglycemia or seizures), we utilized the KEGG DISEASE database [29] to
extract all genes that have been associated with these disease terms. We intersected this gene list
with the variants identified in the proband (Tables S3 and S4) and identified a variant in dopamine
beta-hydroxylase (DBH) (NC_000009.11:g.136501834T>C (GRCh37); NM_000787.3:c.339+2T>C; p?)
that was transmitted to the proband (heterozygous) from the father, who is also a heterozygous
carrier. The mother and unaffected twin were both wild-type for this variant (Figure 3). This variant
(also referred to in the literature as IVS1+2T>C) is rare among individuals of European ancestry
(allele frequency of 0.087%; Table S9) and can be found under the following accessions: ClinGen:
CA339912; OMIM: 609312.0002; dbSNP: rs74853476. This variant results in a canonical splice donor
site change in intron 1 of DBH, which introduces an early stop codon causing an overall reduction
in the amount of functional enzyme made [30,31]. This variant is reported at an increased frequency
across DBH deficiency cases in either the homozygous or compound heterozygous state [30–35].
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Based on the DBH: IVS1+2T>C finding, we performed a literature search for additional DBH
variation that might affect enzyme activity. In 2001, Zabetian et al. found that a C-to-T polymorphism at
nucleotide –1021 in the 5-prime region of the DBH gene was related to DBH activity levels in plasma. In a
study of 174 European Americans, 16 of TT genotype had DBH activity of 4.1; 46 of CT genotype had DBH
activity of 25.2; and 112 of CC genotype had DBH activity of 48.1 nmol/min/mL [36]. The DBH-970C-T
variant (NC_000009.11:g.136500515T>C (GRCh37)), found under accessions: ClinGen: CA347658
and dbSNP: rs1611115, is present in approximately 22% of individuals of European ancestry [36].
We performed Sanger sequencing on this region in our family samples, as it was not covered by the
WES library capture design. The proband and mother both carry TT genotypes (low activity [36]),
as compared to the father and the unaffected twin, who are heterozygous (CT genotypes; moderate
activity [36]; Figure 3). Taken together, the presence of these two variants in the proband may suggest
decreased DBH activity in the body.

DBH is responsible for the conversion of the catecholamine dopamine to norepinephrine, which is
required for the proper maintenance of blood pressure and muscle tone. DBH deficiency often
presents as hypotension, muscle hypotonia, hypothermia, and hypoglycemia in infancy, progressing to
orthostatic hypotension and exercise fatigability in adolescence [37]. While the observed failure to
thrive in the proband may be consistent with some aspects of DBH deficiency presentation, assessment
for orthostatic hypotension following these genetic findings were negative. A history of hobby distance
running in the proband also suggested that severe DBH was unlikely. Therefore, further catecholamine
testing was declined.

2.4. Polygenic Risk Likely Underlies Schizophrenia Diagnosis in This Case

While the focus of our variant search initially surrounded the early seizure phenotype in the
proband, the schizophrenia diagnosis in adolescence could not be ignored. As before, we utilized public
databases (ClinVar and SZDB2.0) [38] and publications [39] to curate a list of genes that have been
associated with schizophrenia risk and intersected this list with our variant dataset (Tables S3 and S4).
Importantly, we did not identify any protein-coding variation in the proband in genes that have been
associated with rare de novo mutations in the most current large schizophrenia sequencing datasets [39]
(Table S3). Further, the number of coding autosomal variants (missense, nonsense, and splice only) in
genes associated with schizophrenia pathogenicity in ClinVar or previous genome-wide association
studies (GWAS) in the proband was not significantly different than his unaffected twin (Fisher’s exact
test; p > 0.68). While particular variant combinations (polygenic risk) versus sheer number of variants
carried may be more important for pathogenicity in this case, we were underpowered to assess this in
this study.

2.5. Incidental Findings

Of note, we identified a variant in the gene MUTYH (NC_000001.10:g.45798475T>C (GRCh37);
NM_001048171.1:c.494A>G; NP_001041636.1:p.Tyr165Cys) that can be found under the following
accessions: ClinGen: CA011761; OMIM: 604933.0001; dbSNP: rs34612342 in this family. This single-base
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pair variant results in an amino acid change in the protein at position 165 from Thr to Cys. Both 10000.fa
and 10000.p1 are heterozygous carriers of this variant. Overall, the lifetime risk of developing colorectal
cancer is estimated at 1 in 323 (4.4%) for men and 1 in 525 (4.1%) for women [40]. This variant has been
found in individuals with colorectal cancer and is characterized as a risk variant, but is considered to
be low penetrance [41].

3. Discussion

The proband in this study was considered for WES due to a complex combination of metabolic and
neuropsychiatric phenotypes. What is unknown from the medical record is whether the proband suffers
from two independent clinical phenotypes—seizures caused by hypoglycemia and schizophrenia—or
if all phenotypes are a complex presentation resulting from a rare de novo genetic variant not present
in other immediate family members. The availability and willingness of the biological mother, father,
and a sibling to also be sequenced increased our chances of identifying causative variation in the
proband, as evidenced by previous studies [42,43]. As twin studies of neuropsychiatric disorders
point to some combination of both genetic and environmental contributions to disease presentation,
the availability of a fraternal twin sibling offers the opportunity to reduce environmental contributions.
However, this study design likely carries no greater power than any two siblings raised together as the
twins are of different sexes and one of the phenotypes in this case is schizophrenia, which carries a
significant sex bias.

Whole-exome sequencing data were used to test the hypothesis that a rare de novo germline variant
is present in the proband, that uniquely links the multiple phenotypes. While rare monogenic-like
disorders are thought to represent only a very small fraction of schizophrenia cases [39], a monogenic
etiology could not be ruled out given the phenotypes observed in this proband and the substantial
evidence supporting a clinical correlation between epileptiform seizure disorders and schizophrenia-like
psychosis [44–46]. Indeed, clinical outcomes in patients with a rare monogenic epilepsy disorder
resulting from KCNQ2 mutations [47,48] ranged from benign familial neonatal–infantile seizures
(BFNIS) to severe neonatal-onset epileptic encephalopathy (EE) [44]. Previous studies have established
that the risk of schizophrenia-like psychosis is 6–12 times more likely in patients with epileptic seizures
than in the general population [46,49]. Recognizing the significant impact of psychiatric comorbidity
in this patient population, we proceeded to evaluate this hypothesis. We identified one de novo coding
SNV in the proband—a missense variant in TMEM196 (p.Cys56Gly). Sequencing of over 60,000 control
humans suggests that TMEM196 is mutable (pLI = 0); however, this specific variant (p.Cys56Gly) has
not been previously observed [50] and the Cys56 amino acid is highly conserved across many species.
While this variant is predicted to be disrupted by SIFT [51] and PolyPhen [52] algorithms, little is
known regarding the TMEM196 protein’s function. Extensive functional work would need to be done
to link this variant to the phenotypes observed in this proband. Additional de novo INDELs were
identified but none could be verified by Sanger sequencing.

Carrying specific combinations of common variation has been significantly associated with
schizophrenia risk; this can be calculated using SNP arrays and is termed a polygenic risk score (PRS).
PRSs consider many hundreds of thousands of common SNPs spanning the genome (including much of
the non-coding space) to link loci to phenotypes. Unfortunately, most of these SNPs cannot be extracted
from WES data, as WES captures only the coding regions of the genome. For example, given the current
state-of-the-art Infinium™ PsychArray-24 v1.3 BeadChip, only 289,932 out of a total 593,836 (48.8%)
targets were covered in our WES capture design. While a PRS analysis of this family would certainly be
interesting, it is beyond the scope of this study (variants identified in the proband (Table S3 and S4) and
sibling that have been noted as significant GWAS-tagged genes are highlighted in Table S10). We did,
however, look for combinations of variants in the proband that have been linked to either seizures
or schizophrenia in the literature. We manually curated lists of genes linked in the literature to the
following terms: hypoglycemia, seizure, epilepsy, schizophrenia, psychosis, and carnitine deficiency.
While CPT II deficiency was strongly suspected, our results did not reveal any clear pathogenic CPT2
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variation. What is not known is how multiple common variants may work together in either an
additive or synergistic way to create a deficiency (seen in the proband) that is not seen with any
one variant alone (as in the case of both parents in this study). Indeed, the two variants identified
in our proband, Val368Ile and Met647Val, have been suggested by others as potential susceptibility
variants in CPT II deficiency [53]. This is further supported in the case of our proband by the fact
that carnitine supplementation plus meal control appeared to have a positive impact. Schizophrenia
has previously been linked to abnormal lipid metabolism [45,54,55]. Serum long–chain fatty acids
along with β-oxidation are significantly increased in schizophrenia patients compared to healthy
controls, presumably the result of insufficient brain energy supply [55]. Increased carnitine transfer and
upregulation of transcripts related to carnitine shuttling is observed as a counter mechanism in the brain
during periods of starvation [54]. In line with this, prefrontal cortical tissue from schizophrenia patients
show increased Cpt1 and Cpt2 transcripts [54]. However, CPT2 variation and CPT deficiencies have
not been directly linked to schizophrenia diagnosis, suggesting that additional genetic variation may
be at play with the adolescent neuropsychiatric phenotypes observed. It is likely that dysregulation
of fatty acid β-oxidation and the brain energy supply is related to the disease and may be amplified
during critical periods of brain development; however, this requires further investigation.

We also identified likely disruptive variation in the DBH gene, which would be predicted to
result in increased levels of dopamine in the body. Interestingly, dopamine has been the primary
catecholamine target of most schizophrenia research and drug development to date, as early studies of
the disorder suggested that excess dopamine may be causative [56]. While DBH deficiency has not
been directly linked to schizophrenia, it is possible that the DBH variation in this proband contributes
to his psychosis. This will require additional research. However, it is clear that the DBH variants
identified in this proband do not result in classical DBH deficiency syndrome [31].

In conclusion, while WES sequencing in this family did not identify any clear pathogenic variants
related to the medical management of the proband’s clinical phenotype, it did provide new hypotheses
for testing in the laboratory. It is most likely that this case represents multiple clinical conditions
underscored by a combination of genetic variants inherited from both parents. WES also provided
incidental findings that may be of clinical use to the family in the future, e.g., the MUTYH variant
identified in the father and proband and a Leiden factor V (F5) variant identified in the mother and twin
sister (not shown), which increase the risk for developing blood clots when taking estrogen-containing
contraceptive pills.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-841X/3/4/31/s1:
Table S1: Sequencing metrics for family 10000. Table S2: Variant summary for family 10000. Table S3: Coding SNPs
identified in the proband. Table S4: Coding INDELs identified in the proband. Table S5: Inheritance of coding
variants in the proband. Table S6: Sanger primers for orthogonal validation. Table S7: Population frequencies
of rs1799821 from the ExAC database. Table S8: Population frequencies of rs1799822 from the ExAC database.
Table S9: Population frequencies of rs74853476 from the ExAC database. Table S10: Coding SNPs identified in
the sibling.

Author Contributions: Conceptualization, H.A.F.S.; methodology, H.A.F.S.; validation, R.N.W., H.A.F.S.;
formal analysis, H.A.F.S.; resources, H.A.F.S., A.S.; writing—original draft preparation, R.N.W., P.P.L., J.N.;
writing—review and editing, H.A.F.S., A.S.; supervision, H.A.F.S.; funding acquisition, H.A.F.S., A.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by the LB692 Nebraska Tobacco Settlement Biomedical Research Development
Program to H.A.F.S. and the Health Science Strategic Investment Fund (HSSIF) to A.S.

Acknowledgments: We would like to thank the participants and clinician who participated in this study.
Sequencing, alignment, and variant calling were performed at the Beijing Genomics Institute (BGI) (Hong Kong).

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2571-841X/3/4/31/s1


Reports 2020, 3, 31 9 of 11

References

1. Elia, M.; Klepper, J.; Leiendecker, B.; Hartmann, H. Ketogenic Diets in the Treatment of Epilepsy. Curr. Pharm. Des.
2018, 23, 5691–5701. [CrossRef] [PubMed]

2. Sharma, S.; Prasad, A.N. Inborn Errors of Metabolism and Epilepsy: Current Understanding, Diagnosis,
and Treatment Approaches. Int. J. Mol. Sci. 2017, 18, 1384. [CrossRef] [PubMed]

3. Schönfeld, P.; Reiser, G. Brain Energy Metabolism Spurns Fatty Acids as Fuel Due to Their Inherent
Mitotoxicity and Potential Capacity to Unleash Neurodegeneration. Neurochem. Int. 2017, 109, 68–77.
[CrossRef] [PubMed]

4. Romano, A.; Koczwara, J.B.; Gallelli, C.A.; Vergara, D.; Di Bonaventura, M.V.M.; Gaetani, S.; Giudetti, A.M.
Fats for Thoughts: An Update on Brain Fatty Acid Metabolism. Int. J. Biochem. Cell Biol. 2017, 84, 40–45.
[CrossRef] [PubMed]

5. Lee, K.; Kerner, J.; Hoppel, C.L. Mitochondrial Carnitine Palmitoyltransferase 1a (CPT1a) Is Part of an Outer
Membrane Fatty Acid Transfer Complex. J. Biol. Chem. 2011, 286, 25655–25662. [CrossRef] [PubMed]

6. Longo, N. Primary Carnitine Deficiency and Newborn Screening for Disorders of the Carnitine Cycle.
Ann. Nutr. Metab. 2016, 68, 5–9. [CrossRef]

7. Jones, L.L.; McDonald, D.A.; Borum, P.R. Acylcarnitines: Role in Brain. Prog. Lipid Res. 2010, 49, 61–75.
[CrossRef]

8. Jernberg, J.N.; Bowman, C.E.; Wolfgang, M.J.; Scafidi, S. Developmental Regulation and Localization of
Carnitine Palmitoyltransferases (CPTs) in Rat Brain. J. Neurochem. 2017, 142, 407–419. [CrossRef]

9. Waisbren, S.E.; Landau, Y.; Wilson, J.; Vockley, J. Neuropsychological Outcomes in Fatty Acid Oxidation
Disorders: 85 Cases Detected by Newborn Screening. Dev. Disabil. Res. Rev. 2013, 17, 260–268. [CrossRef]

10. Malik, S.; Paldiwal, A.A.; Korday, C.S.; Jadhav, S.S. Neonatal Carnitine Palmitoyltransferase II Deficiency:
A Lethal Entity. J. Clin. Diagn. Res. 2015, 9, SD01–SD02. [CrossRef]

11. Roe, C.R.; Yang, B.-Z.; Brunengraber, H.; Roe, D.S.; Wallace, M.; Garritson, B.K. Carnitine Palmitoyltransferase
II Deficiency: Successful Anaplerotic Diet Therapy. Neurology 2008, 71, 260–264. [CrossRef]

12. Brown, A.; Crowe, L.M.; Andresen, B.S.; Anderson, V.A.; Boneh, A. Neurodevelopmental profiles of
Children with Very Long Chain Acyl-CoA Dehydrogenase Deficiency Diagnosed by Newborn Screening.
Mol. Genet. Metab. 2014, 113, 278–282. [CrossRef]

13. Bozzi, Y.; Provenzano, G.; Casarosa, S. Neurobiological Bases of Autism-Epilepsy Comorbidity: A Focus on
Excitation/Inhibition Imbalance. Eur. J. Neurosci. 2018, 47, 534–548. [CrossRef]

14. Rinaldo, P.; Cowan, T.M.; Matern, D. Acylcarnitine Profile Analysis. Genet. Med. 2008, 10, 151–156. [CrossRef]
[PubMed]

15. Topcu, Y.; Bayram, E.; Karaoglu, P.; Yis, U.; Kurul, S.; Kurul, S.H. Importance of Acylcarnitine Profile Analysis
for Disorders of Lipid Metabolism in Adolescent Patients With Recurrent Rhabdomyolysis: Report of Two
Cases. Ann. Indian Acad. Neurol. 2014, 17, 437–440. [CrossRef] [PubMed]

16. Demaugre, F.; Bonnefont, J.-P.; Cépanec, C.; Scholte, J.; Saudubray, J.-M.; Leroux, J.-P. Immunoquantitative
Analysis of Human Carnitine Palmitoyltransferase I and II Defects. Pediatr. Res. 1990, 27, 497–500. [CrossRef]

17. Demaugre, F.; Bonnefont, J.P.; Colonna, M.; Cepanec, C.; Leroux, J.P.; Saudubray, J.M. Infantile Form of Carnitine
Palmitoyltransferase II Deficiency with Hepatomuscular Symptoms and Sudden Death. Physiopathological
Approach to Carnitine Palmitoyltransferase II Deficiencies. J. Clin. Investig. 1991, 87, 859–864. [CrossRef]
[PubMed]

18. Zhu, Q.; Hu, Q.; Shepherd, L.; Wang, J.; Wei, L.; Morrison, C.D.; Conroy, J.M.; Glenn, S.T.; Davis, W.;
Kwan, M.L.; et al. The Impact of DNA Input Amount and DNA Source on the Performance of Whole-Exome
Sequencing in Cancer Epidemiology. Cancer Epidemiol. Biomark. Prev. 2015, 24, 1207–1213. [CrossRef]

19. Ibrahim, O.; Sutherland, H.G.; Haupt, L.M.; Griffiths, L.R. Saliva as a Comparable-Quality Source of DNA
for Whole Exome Sequencing on Ion Platforms. Genomics 2020, 112, 1437–1443. [CrossRef] [PubMed]

20. Feliciano, P.; The SPARK Consortium; Zhou, X.; Astrovskaya, I.; Turner, T.N.; Wang, T.; Brueggeman, L.;
Barnard, R.; Hsieh, A.; Snyder, L.G.; et al. Exome Sequencing of 457 Autism Families Recruited Online
Provides Evidence for Autism Risk Genes. NPJ Genom. Med. 2019, 4, 1–14. [CrossRef]

21. Nohesara, S.; Ghadirivasfi, M.; Mostafavi, S.; Eskandari, M.-R.; Ahmadkhaniha, H.; Thiagalingam, S.;
Abdolmaleky, H.M. DNA Hypomethylation of MB-COMT Promoter in the DNA Derived from Saliva in
Schizophrenia and Bipolar Disorder. J. Psychiatr. Res. 2011, 45, 1432–1438. [CrossRef]

http://dx.doi.org/10.2174/1381612823666170809101517
http://www.ncbi.nlm.nih.gov/pubmed/28799513
http://dx.doi.org/10.3390/ijms18071384
http://www.ncbi.nlm.nih.gov/pubmed/28671587
http://dx.doi.org/10.1016/j.neuint.2017.03.018
http://www.ncbi.nlm.nih.gov/pubmed/28366720
http://dx.doi.org/10.1016/j.biocel.2016.12.015
http://www.ncbi.nlm.nih.gov/pubmed/28065757
http://dx.doi.org/10.1074/jbc.M111.228692
http://www.ncbi.nlm.nih.gov/pubmed/21622568
http://dx.doi.org/10.1159/000448321
http://dx.doi.org/10.1016/j.plipres.2009.08.004
http://dx.doi.org/10.1111/jnc.14072
http://dx.doi.org/10.1002/ddrr.1119
http://dx.doi.org/10.7860/JCDR/2015/13600.6560
http://dx.doi.org/10.1212/01.wnl.0000318283.42961.e9
http://dx.doi.org/10.1016/j.ymgme.2014.10.005
http://dx.doi.org/10.1111/ejn.13595
http://dx.doi.org/10.1097/GIM.0b013e3181614289
http://www.ncbi.nlm.nih.gov/pubmed/18281923
http://dx.doi.org/10.4103/0972-2327.144031
http://www.ncbi.nlm.nih.gov/pubmed/25506168
http://dx.doi.org/10.1203/00006450-199005000-00016
http://dx.doi.org/10.1172/JCI115090
http://www.ncbi.nlm.nih.gov/pubmed/1999498
http://dx.doi.org/10.1158/1055-9965.EPI-15-0205
http://dx.doi.org/10.1016/j.ygeno.2019.08.014
http://www.ncbi.nlm.nih.gov/pubmed/31445087
http://dx.doi.org/10.1038/s41525-019-0093-8
http://dx.doi.org/10.1016/j.jpsychires.2011.06.013


Reports 2020, 3, 31 10 of 11

22. Ghadirivasfi, M.; Nohesara, S.; Ahmadkhaniha, H.; Eskandari, M.-R.; Mostafavi, S.; Thiagalingam, S.;
Abdolmaleky, H.M. Hypomethylation of the Serotonin Receptor Type-2A Gene (HTR2A) at T102C
Polymorphic Site in DNA Derived From the Saliva of Patients With Schizophrenia and Bipolar Disorder.
Am. J. Med. Genet. Part B Neuropsychiatr. Genet. 2011, 156, 536–545. [CrossRef] [PubMed]

23. Epi25 Collaborative. Epi25 Collaborative Ultra-Rare Genetic Variation in the Epilepsies: A Whole-Exome
Sequencing Study of 17,606 Individuals. Am. J. Hum. Genet. 2019, 105, 267–282. [CrossRef] [PubMed]

24. Yao, D.; Mizuguchi, H.; Yamaguchi, M.; Yamada, H.; Chida, J.; Shikata, K.; Kido, H. Thermal Instability of
Compound Variants of Carnitine Palmitoyltransferase II and Impaired Mitochondrial Fuel Utilization in
Influenza-Associated Encephalopathy. Hum. Mutat. 2008, 29, 718–727. [CrossRef] [PubMed]

25. Shinohara, M.; Saitoh, M.; Takanashi, J.-I.; Yamanouchi, H.; Kubota, M.; Goto, T.; Kikuchi, M.; Shiihara, T.;
Yamanaka, G.; Mizuguchi, M. Carnitine Palmitoyl Transferase II Polymorphism Is Associated with Multiple
Syndromes of Acute Encephalopathy with Various Infectious Diseases. Brain Dev. 2011, 33, 512–517. [CrossRef]

26. Mak, C.M.; Lam, C.-W.; Fong, N.-C.; Siu, W.-K.; Lee, H.-C.H.; Siu, T.-S.; Lai, C.-K.; Law, C.-Y.; Tong, S.-F.;
Poon, W.-T.; et al. Fatal Viral Infection-Associated Encephalopathy in Two Chinese Boys: A Genetically
Determined Risk Factor of Thermolabile Carnitine Palmitoyltransferase II Variants. J. Hum. Genet. 2011, 56,
617–621. [CrossRef]

27. Chen, Y.; Mizuguchi, H.; Yao, D.; Ide, M.; Kuroda, Y.; Shigematsu, Y.; Yamaguchi, S.; Kinoshita, M.; Kido, H.;
Yamaguchi, M. Thermolabile Phenotype of Carnitine Palmitoyltransferase II Variations as a Predisposing
Factor for Influenza-Associated Encephalopathy. FEBS Lett. 2005, 579, 2040–2044. [CrossRef]

28. Brown, N.F.; Mullur, R.S.; Subramanian, I.; Esser, V.; Bennett, M.J.; Saudubray, J.M.; Feigenbaum, A.S.;
Kobari, J.A.; MacLeod, P.M.; McGarry, J.D.; et al. Molecular Characterization of L-CPT I Deficiency in Six
Patients: Insights Into Function of the Native Enzyme. J. Lipid Res. 2001, 42, 1134–1142.

29. Kanehisa, M. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef]
30. Kim, C.-H.; Leung, A.; Huh, Y.H.; Yang, E.; Kim, D.-J.; Leblanc, P.; Ryu, H.; Kim, K.; Kim, D.-W.; Garland, E.M.;

et al. Norepinephrine Deficiency Is Caused by Combined Abnormal mRNA Processing and Defective Protein
Trafficking of Dopamine β-Hydroxylase. J. Biol. Chem. 2011, 286, 9196–9204. [CrossRef]

31. Kim, C.-H.; Zabetian, C.P.; Cubells, J.F.; Cho, S.; Biaggioni, I.; Cohen, B.M.; Robertson, D.; Kim, K.-S.
Mutations in the Dopamine Beta-Hydroxylase Gene Are Associated with Human Norepinephrine Deficiency.
Am. J. Med. Genet. 2002, 108, 140–147. [CrossRef] [PubMed]

32. Zabetian, C.P.; Romero, R.; Robertson, D.; Sharma, S.; Padbury, J.F.; Kuivaniemi, H.; Kim, K.-S.; Kim, C.-H.;
Köhnke, M.D.; Kranzler, H.R.; et al. A Revised Allele Frequency Estimate and Haplotype Analysis of the
DBH Deficiency Mutation IVS1+2T→ C in African- and European-Americans. Am. J. Med. Genet. Part A
2003, 123, 190–192. [CrossRef]

33. Deinum, J.; Steenbergen-Spanjers, G.C.H.; Jansen, M.; Boomsma, F.; Lenders, J.W.M.; Van Ittersum, F.J.;
Hück, N.; van den Heuvel, L.P.; Wevers, R.A. DBH Gene Variants That Cause Low Plasma Dopamine Beta
Hydroxylase with or Without a Severe Orthostatic Syndrome. J. Med. Genet. 2004, 41, e38. [CrossRef]

34. Jepma, M.; Deinum, J.; Asplund, C.L.; Rombouts, S.A.; Tamsma, J.T.; Tjeerdema, N.; Spapé, M.M.;
Garland, E.M.; Robertson, D.; Lenders, J.W.; et al. Neurocognitive Function in Dopamine-β-Hydroxylase
Deficiency. Neuropsychopharmacology 2011, 36, 1608–1619. [CrossRef] [PubMed]

35. Arnold, A.C.; Garland, E.M.; Celedonio, J.E.; Raj, S.R.; Abumrad, N.N.; Biaggioni, I.; Robertson, D.;
Luther, J.M.; Shibao, C.A. Hyperinsulinemia and Insulin Resistance in Dopamine β-Hydroxylase Deficiency.
J. Clin. Endocrinol. Metab. 2016, 102, 10–14. [CrossRef] [PubMed]

36. Zabetian, C.P.; Anderson, G.M.; Buxbaum, S.G.; Elston, R.C.; Ichinose, H.; Nagatsu, T.; Kim, K.S.; Kim, C.H.;
Malison, R.T.; Gelernter, J.; et al. A Quantitative-Trait Analysis of Human Plasma-Dopamine Beta-Hydroxylase
Activity: Evidence for a Major Functional Polymorphism at the DBH Locus. Am. J. Hum. Genet. 2001, 68,
515–522. [CrossRef] [PubMed]

37. Senard, J.-M.; Rouet, P. Dopamine Beta-Hydroxylase Deficiency. Orphanet J. Rare Dis. 2006, 1, 7. [CrossRef]
[PubMed]

38. Wu, Y.; Li, X.; Liu, J.; Luo, X.-J.; Yao, Y.-G. SZDB2.0: An Updated Comprehensive Resource for Schizophrenia
Research. Hum. Genet. 2020, 139, 1285–1297. [CrossRef]

39. Howrigan, D.P.; Rose, S.A.; Samocha, K.E.; Fromer, M.; Cerrato, F.; Chen, W.J.; Churchhouse, C.; Chambert, K.;
Chandler, S.D.; Daly, M.J.; et al. Exome Sequencing in Schizophrenia-Affected Parent–Offspring Trios Reveals
Risk Conferred by Protein-Coding de Novo Mutations. Nat. Neurosci. 2020, 23, 185–193. [CrossRef]

http://dx.doi.org/10.1002/ajmg.b.31192
http://www.ncbi.nlm.nih.gov/pubmed/21598376
http://dx.doi.org/10.1016/j.ajhg.2019.05.020
http://www.ncbi.nlm.nih.gov/pubmed/31327507
http://dx.doi.org/10.1002/humu.20717
http://www.ncbi.nlm.nih.gov/pubmed/18306170
http://dx.doi.org/10.1016/j.braindev.2010.09.002
http://dx.doi.org/10.1038/jhg.2011.63
http://dx.doi.org/10.1016/j.febslet.2005.02.050
http://dx.doi.org/10.1093/nar/28.1.27
http://dx.doi.org/10.1074/jbc.M110.192351
http://dx.doi.org/10.1002/ajmg.10196
http://www.ncbi.nlm.nih.gov/pubmed/11857564
http://dx.doi.org/10.1002/ajmg.a.20300
http://dx.doi.org/10.1136/jmg.2003.009282
http://dx.doi.org/10.1038/npp.2011.42
http://www.ncbi.nlm.nih.gov/pubmed/21471955
http://dx.doi.org/10.1210/jc.2016-3274
http://www.ncbi.nlm.nih.gov/pubmed/27778639
http://dx.doi.org/10.1086/318198
http://www.ncbi.nlm.nih.gov/pubmed/11170900
http://dx.doi.org/10.1186/1750-1172-1-7
http://www.ncbi.nlm.nih.gov/pubmed/16722595
http://dx.doi.org/10.1007/s00439-020-02171-1
http://dx.doi.org/10.1038/s41593-019-0564-3


Reports 2020, 3, 31 11 of 11

40. Key Statistics for Colorectal Cancer. Available online: https://www.cancer.org/cancer/colon-rectal-cancer/
about/key-statistics.html (accessed on 8 September 2020).

41. Pearlman, R.; Frankel, W.L.; Swanson, B.; Zhao, W.; Yilmaz, A.; Miller, K.; Bacher, J.; Bigley, C.; Nelsen, L.;
Goodfellow, P.J.; et al. Ohio Colorectal Cancer Prevention Initiative Study Group Prevalence and Spectrum
of Germline Cancer Susceptibility Gene Mutations Among Patients with Early-Onset Colorectal Cancer.
JAMA Oncol. 2017, 3, 464–471. [CrossRef]

42. Al-Mubarak, B.; Abouelhoda, M.; Omar, A.; AlDhalaan, H.; Aldosari, M.; Nester, M.; Alshamrani, H.A.;
El-Kalioby, M.; Goljan, E.; Albar, R.; et al. Whole Exome Sequencing Reveals Inherited and de Novo Variants
in Autism Spectrum Disorder: A Trio Study From Saudi Families. Sci. Rep. 2017, 7, 1–14. [CrossRef] [PubMed]

43. Hosseini Bereshneh, A.; Garshasbi, M. Novel in-Frame Deletion in MFSD8 Gene Revealed by Trio Whole
Exome Sequencing in an Iranian Affected with Neuronal Ceroid Lipofuscinosis Type 7: A Case Report.
J. Med. Sci. Rep. 2018, 12, 281. [CrossRef]

44. Lee, I.-C.; Chang, T.-M.; Liang, J.-S.; Li, S.-Y. KCNQ2 Mutations in Childhood Nonlesional Epilepsy: Variable
Phenotypes and a Novel Mutation in a Case Series. Mol. Genet. Genom. Med. 2019, 7, e00816. [CrossRef]

45. Wang, D.; Sun, X.; Maziade, M.; Mao, W.; Zhang, C.; Lu, Q.; Cao, B. Characterising Phospholipids and Free Fatty
Acids in Patients with Schizophrenia: A Case-Control Study. World J. Biol. Psychiatry 2020, 1–14. [CrossRef]

46. Sachdev, P. Schizophrenia-Like Psychosis and Epilepsy: The Status of the Association. Am. J. Psychiatry 1998,
155, 325–336. [CrossRef] [PubMed]

47. Biervert, C.; Schroeder, B.C.; Kubisch, C.; Berkovic, S.F.; Propping, P.; Jentsch, T.J.; Steinlein, O.K. A Potassium
Channel Mutation in Neonatal Human Epilepsy. Science 1998, 279, 403–406. [CrossRef] [PubMed]

48. Castaldo, P.; del Giudice, E.M.; Coppola, G.; Pascotto, A.; Annunziato, L.; Taglialatela, M. Benign Familial
Neonatal Convulsions Caused by Altered Gating of KCNQ2/KCNQ3 Potassium Channels. J. Neurosci. 2002,
22, RC199. [CrossRef]

49. Wang, Q.; Teng, P.; Luan, G. Schizophrenia-Like Psychosis of Epilepsy: From Clinical Characters to
Underlying Mechanisms. Neuropsychiatry 2017, 7. [CrossRef]

50. Karczewski, K.J.; Weisburd, B.; Thomas, B.; Solomonson, M.; Ruderfer, D.M.; Kavanagh, D.; Hamamsy, T.;
Lek, M.; Samocha, K.E.; Cummings, B.B.; et al. The ExAC Browser: Displaying Reference Data Information
From Over 60 000 Exomes. Nucleic Acids Res. 2016, 45, D840–D845. [CrossRef]

51. Ng, P.C.; Henikoff, S. SIFT: Predicting Amino Acid Changes That Affect Protein Function. Nucleic Acids Res.
2003, 31, 3812–3814. [CrossRef]

52. Adzhubei, I.; Jordan, D.M.; Sunyaev, S.R. Predicting Functional Effect of Human Missense Mutations Using
PolyPhen-2. Curr. Protoc. Hum. Genet. 2013, 76, 7.20.1–7.20.41. [CrossRef] [PubMed]

53. Olpin, S.E.; Afifi, A.; Clark, S.; Manning, N.J.; Bonham, J.R.; Dalton, A.; Leonard, J.V.; Land, J.M.; Andresen, B.S.;
Morris, A.A.; et al. Mutation and Biochemical Analysis in Carnitine Palmitoyltransferase Type II (CPT II)
Deficiency. J. Inherit. Metab. Dis. 2003, 26, 543–557. [CrossRef]

54. Prabakaran, S.; Swatton, J.E.; Ryan, M.M.; Huffaker, S.J.; Huang, J.T.; Griffin, J.L.; Wayland, M.; Freeman, T.;
Dudbridge, F.; Lilley, K.S.; et al. Mitochondrial Dysfunction in Schizophrenia: Evidence for Compromised
Brain Metabolism and Oxidative Stress. Mol. Psychiatry 2004, 9, 643, 684–697. [CrossRef]

55. Yang, X.; Sun, L.; Zhao, A.; Hu, X.; Qing, Y.; Jiang, J.; Yang, C.; Xu, T.; Wang, P.; Liu, J.; et al. Serum Fatty Acid
Patterns in Patients with Schizophrenia: A Targeted Metabonomics Study. Transl. Psychiatry 2017, 7, e1176.
[CrossRef]

56. Brisch, R.; Esaniotis, A.; Ewolf, R.; Ebielau, H.; Ebernstein, H.-G.; Esteiner, J.; Ebogerts, B.; Braun, A.K.;
Ejankowski, Z.; Ekumaratilake, J.; et al. The Role of Dopamine in Schizophrenia from a Neurobiological and
Evolutionary Perspective: Old Fashioned, but Still in Vogue. Front. Psychiatry 2014, 5, 47. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://www.cancer.org/cancer/colon-rectal-cancer/about/key-statistics.html
https://www.cancer.org/cancer/colon-rectal-cancer/about/key-statistics.html
http://dx.doi.org/10.1001/jamaoncol.2016.5194
http://dx.doi.org/10.1038/s41598-017-06033-1
http://www.ncbi.nlm.nih.gov/pubmed/28720891
http://dx.doi.org/10.1186/s13256-018-1788-7
http://dx.doi.org/10.1002/mgg3.816
http://dx.doi.org/10.1080/15622975.2020.1769188
http://dx.doi.org/10.1176/ajp.155.3.325
http://www.ncbi.nlm.nih.gov/pubmed/9501741
http://dx.doi.org/10.1126/science.279.5349.403
http://www.ncbi.nlm.nih.gov/pubmed/9430594
http://dx.doi.org/10.1523/JNEUROSCI.22-02-j0003.2002
http://dx.doi.org/10.4172/Neuropsychiatry.1000S1002
http://dx.doi.org/10.1093/nar/gkw971
http://dx.doi.org/10.1093/nar/gkg509
http://dx.doi.org/10.1002/0471142905.hg0720s76
http://www.ncbi.nlm.nih.gov/pubmed/23315928
http://dx.doi.org/10.1023/A:1025947930752
http://dx.doi.org/10.1038/sj.mp.4001511
http://dx.doi.org/10.1038/tp.2017.152
http://dx.doi.org/10.3389/fpsyt.2014.00047
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Case Presentation 
	Clinical Course 
	Family-Based Sequencing Identifies Compound CPT2 Variation in the Proband 
	Identification of DBH Compound Heterozygous Variants 
	Polygenic Risk Likely Underlies Schizophrenia Diagnosis in This Case 
	Incidental Findings 

	Discussion 
	References

