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Introduction: Levocarnitine is essential for brain functioning and fatty acid metabolism and stems largely from dietary sources. The
Epsilon-Trimethyllysine Hydroxylase (TMLHE) gene encodes the enzyme N-Trimethyllysine hydroxylase (TMLH) which catalyses
the first step in the biosynthesis of carnitine. Lack of TMLH enzyme activity is associated with developmental delay and autistic
behaviours described as X-linked recessive autism, type 6 (OMIM#300872).

Patient and Methods: Here, an institutionalized adult male patient with intellectual disability, autism, and challenging behaviours is
presented in whom genetic analysis disclosed a novel pathogenic variant in the TMLHE gene. Extensive somatic, neurological,
psychiatric, and neuropsychological investigations were performed next to examination of hematological and biochemical parameters
including plasma carnitine status. Also, Whole Exome Sequencing (WES) and Next-Generation Metabolic Screening (NGMS) were
performed.

Results: Moderate intellectual disability along with obsessive and aggressive behaviour in the context of autism spectrum disorders
was established as well as symptoms from the catatonic spectrum. With WES, a novel variant in the TMHLE gene was identified and
using NGMS, increased concentration of trimethyllysine and decreased concentration of y-butyrobetaine were found resulting in
a significantly decreased BB/TML ratio, confirming the pathogenicity of this variant.

Conclusion: X-linked autism type 6 is characterized by moderate intellectual disability and symptoms from the autism spectrum in
the absence of any dysmorphisms. To prevent regressive autistic episodes in young children, it is highly recommended to consider
next-generation sequencing techniques as the first step in the differential diagnostic process of autism.
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Introduction

Levocarnitine plays a crucial role in brain function and the mitochondrial metabolism of fatty acids. It is available from
both exogenous and endogenous sources. It is found in a wide variety of food groups, particularly in red meat, which is
why the standard healthy human diet provides the majority of L-carnitin. In addition, L-carnitine is also synthesized in
the human body from the amino acids lysine and methionine. The first step in the biosynthesis of carnitine is catalyzed by
the enzyme N-trimethyllysine hydroxylase (TMLH), which converts trimethyllysine (TML) in 3-hydroxytrimethyllysine,
and is encoded by the Epsilon-trimethyllysine hydroxylase (TMHLE) gene (MIM: 300777) located on the long arm of the
X-chromosome (Xq28). Metabolites involved in the successive stages of carnitine formation are as follows:
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3-hydroxytrimethyllysine (HTML), 4-N-trimethylaminobutyraldehyde (TMABA) and vy-butyrobetaine (y-BB).
Concentration of carnitine in plasma is dependent upon age and sex. From adolescence onwards, generally, plasma
carnitine concentrations in males stabilize at a higher level than in females, suggesting regulatory involvement of sex
hormones.'

In 2011, the research group of Celestina-Soper found a male patient with a hemizygous deletion comprising the TMHLE
gene in a large group of probands with autism.” TMHLE-deficiency was also found in six out of seven autistic male
siblings, suggesting that it is a risk factor for autism.” A year later, from a sample of twelve families, Nava et al reported two
male patients with autism spectrum disorder (ASD) and intellectual disability in whom a pathogenic nonsense variant of the
TMHLE gene was detected.* Subsequent screening of another group of 501 male ASD patients resulted in two additional
cases who had a missense variant in the reported gene, with a concomitant two-to-threefold increase in the carnitine
precursor TML and a small decrease in carnitine in plasma. It was postulated that an increased concentration of TML could
have toxic effects on the development of the central nervous system, hampering the typical development of neuronal
networks.* Finally, Ziats et al described a four-year-old patient with an autism spectrum disorder in whom a maternally
inherited frameshift mutation in the TMLHE gene was identified, who had low levels of y-BB and free carnitine, and who
had experienced two episodes of behavioural regression that recovered from carnitine suppletion.’

The patient presented here, with intellectual disability, a diagnosis of autism spectrum disorder, and challenging
behaviour, was referred for extensive examination and advice.

Patient and Methods
Ethical Aspects

Consultation was performed via the Dutch Centre for Consultation and Expertise (CCE), and assessments were
performed via the Vincent van Gogh Centre of Excellence for Neuropsychiatry, Venray, the Netherlands, and partly at
Sherpa, Centre for People with Intellectual Disabilities, Baarn, the Netherlands. Institutional approval was not required
since both parents and his biologically unrelated healthy sister, who was also his legal representative, gave written
informed consent for publication of the case history of their son and biologically unrelated brother, respectively (signed
consent form dated November 2023 is provided to the Editorial Board), but also because staff members of the CCE and
Sherpa Institutes attended all multidisciplinary meetings and fully agreed with publication of the patient’s case history.

Case Description

The now 46-year-old patient was originally born in Colombia to a healthy mother, after an uncomplicated pregnancy of
38 weeks. No information was available about his biological father. At birth, the weight, height, and head circumference
were 2800gr, 49cm, and 34cm, respectively. Physical examination revealed no abnormalities, in particular no dysmorph-
isms were noticed. One day after birth, his mother brought him to an orphanage from where he was placed in a local
foster family because of severe underweight. Aged almost four months, he was adopted by Dutch foster parents who
readily observed developmental delay, lack of contact, and apathetic behaviour. He has a biologically unrelated, two-
years-younger, healthy adoptive sister who was also born in Colombia and adopted at 3 months of age. The patient was
able to walk independently at 1 year and 4 months, he started speaking his first words at the age of 2 years, and became
continent at 3 years and 1 month.

During kindergarten years, an obsessive and ritualistic behavioural repertoire became apparent. Since these beha-
viours form key elements of autism, for this reason, he was referred to a university outpatient orthopedagogic clinic at the
age of 5 years, where, apart from intellectual disability, a diagnosis of autism was formally confirmed. Shortly thereafter,
a severe myopia of the left eye (—15dpt) was detected resulting in nearly complete visual loss. Until the age of 8 years he
visited a medical child care centre, after which he followed special education until his 20th year. During this period, he
showed marked problems in speech and language, and behavioural problems, particularly temper tantrums occurred
necessitating a structured and predictable environment. Methylphenidate was started but had to be discontinued because
of further deterioration of behaviour. Subsequently, symptomatic treatment with pipamperone (40mg twice daily) was
initiated, supplemented with a low dose of benzodiazepine if necessary. Over the years, pipamperone dose ranged
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between 80 and 180mg. Severity of behavioural problems was contingent upon the intensity of (socioemotional)
overestimation.

From 20 year onwards, he frequented a day care facility where he was able to perform unskilled labour. His somatic
antecedents during these years mention surgical correction of left and right inguinal hernia, at the age of 24 and 39 years,
respectively. One year later, he suffered from perforated appendicitis. Although at age 24 and 36, he moved with his
parents to another city, he still succeeded in working at a day care facility. However, due to overestimation, regularly,
escalation of obsessive-compulsive and aggressive behaviour occurred, and he escaped from the facility. Shortly there-
after, he returned for a period of several months to his parents' home where his behaviour stabilizes gradually with
a structured daily program. During this period, a consulted psychiatrist prescribes symptomatically several psychotropics
without, however, any effect.

Finally, at the age of 39 years, he was institutionalized. Discontinuity in nursing staff, however, as well as several
internal changes in department led to a general decline in daily life functioning, a marked increase in compulsive and
disinhibited behaviours, and autistic withdrawal. Because of persisting aggressive and autistic behaviours, the Dutch
Centre for Consultation and Expertise was asked for advice.

Investigations

Somatic and neurological examinations revealed no abnormalities. Weight, height, and head circumference were 79kg,
175cm, and 57cm, respectively. No facial dysmorphisms were present. Psychiatric investigations disclosed a clear
autistic behavioural repertoire with prominent stereotyped, hyperactive, obsessive features and compulsively arranging
objects. According to the nursing staff, these behaviours intensified and became more frequently contingent upon his
level of stress from environmental factors. Lack of information about his family history and the previously noticed but
not investigated intellectual disability necessitated extensive genetic and pharmacogenetic investigations as well as
detailed neuropsychological assessments.

Relevant standard hematological and biochemical parameters were all within the normal range. Pharmacogenetically,
normal genotypes for the various cytochrome isoenzymes were found. Whole Exome Sequencing analysis as described by
Neveling and coworkers showed a hemizygotic, likely pathogenic variant (class 5) in the Epsilon-Trimethyllysine
Hydroxylase (TMHLE) gene [ChrX(GRCh37):2.154774922 154774924dup NM_018196.4:c.14 16dup p.(Leu6¥)].° No
other (likely) pathogenic single nucleotide variants (SNVs) or copy number variants (CNVs) were detected in the WES
data. Pathogenic variants in the TMHLE gene have been reported earlier as causal for X-linked autism, type 6 (OMIM
#300872). The present variant, a duplication of three nucleotides, causes a premature stop codon in the first exon of the
TMHLE gene and has never been described before, nor has it been reported in the Genome Aggregation Database
(GnomADV4.1.9; https://gnomad.broadinstitute.org). Subsequent biochemical laboratory diagnostics to confirm the patho-

genicity of this DNA variant, using Next-Generation Metabolic Screening (NGMS) essentially as described in 2018 by
Coene and coworkers, revealed an increased relative concentration of TML and decreased value of BB.” This resulted in
a severely decreased BB/TML ratio that confirms the pathogenicity of the novel THMLE variant in the present patient
(Figure 1). In addition, we evaluated the carnitine status and measured a normal free carnitine concentration (40.8 pmol/l
[reference values: 20—55 umol/l]) and a normal total carnitine (46.8 pmol/l [reference values: 2565 pmol/1]).

At neuropsychological examination, moderate intellectual disability was found (IQ =< 55; SON-R) was found.® Also,
severe attentional and inhibitory dysfunctions were found, in addition to heightened sensitivity to external stimuli leading
to enhanced distractibility, strongly restricted self-regulation capacities, and constant repetitive behaviours with varying
intensity depending on his social interactional context. Adaptive functioning as measured with the Vineland Adaptive
Behaviour Scale (Vineland-II) was moderately to severely limited with respect to communication and daily skills, but
profoundly low as to socialization skills.” Social-emotional development as measured by the Dutch scale for emotional
development in people with intellectual disability (ESSEON-R) corresponded with a developmental age of 1.5 years
(social developmental and emotional developmental ages of 0.5 years and 2.5 years, respectively).'” Finally, with the
revised scale for autism and related disorders (AVZ-R) a total score of 18 was established (scores between 10 and 19 are
indicative for autism spectrum disorder)."'
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Figure | Normalized plasma intensities of trimethyllysine (panel A, TML) and gamma-butyrobetaine (panel B, BB), and their ratio (panel C, TML/BB), metabolites measured
as [M+H]+ ions in ESI+ positive ionization mode. Data include controls (), our index patient (m), and three samples of two other patients (A, #) with confirmed
N-trimethyllysine hydroxylase (TMLHE) deficiency. Error bars in control plots represent the mean * standard deviation. All measurements in the index patient significantly
differed from controls.

Outcome and Follow-Up

After extensive multidisciplinary discussion of the etiological diagnosis and because of his normal carnitine status in
blood that provides no indication for carnitine suppletion, it was decided to focus on individual daily guidance as much
as possible to the autistic behavioural repertoire of the patient. In addition, he moved to another sheltered home facility of
Sherpa, Institute for People with Intellectual Disabilities, with much less turmoil around him. After this, aggressive
outbursts rarely occurred and prescription of a symptomatic psychotropic compound was not necessary. However, eight
months later at follow-up, neuropsychiatric examination demonstrated symptoms from the catatonic spectrum. As
assessed with the Bush-Francis Catatonia Rating Scale (BFCRS), the most pronounced scores were established on the
items ambitendency and impulsivity and to lesser extent on stereotypy, mannerisms, and inability/stupor (BFCRS Total
score = 25).'? Consequently, the patient was treated with lorazepam in an increasing dose to 2mg twice daily, which
gradually led to improvement of speech and interaction, decrease in compulsivity, and generally to more behavioural

flexibility and relaxation.

Discussion

The 46-years-old male non-dysmorphic male patient with moderate intellectual disability and autism, described here, had
a hemizygous pathogenic variant in the TMLHE gene that has never been reported and which resulted in a deficiency of
6-N-trimethyllysine hydroxylase and subsequent deficiency of endogenous carnitine synthesis. This corroborates the
diagnosis of X-linked autism and fits the hypothesis that this X-linked inborn error of carnitine biosynthesis is a risk
factor for the development of autism spectrum disorder.>'?

So far, only a very limited number of patients have been described with this monogenetic neurodevelopmental
disorder, of which variable levels of intellectual disability and persisting autistic behaviours form the core features.*'*
While carnitine is also endogenously synthesized in the human body, generally, a normal carnitine plasma status is
usually guaranteed by a standard healthy diet containing carnitine. This may also limit the detection of this disease in
regular biochemical screening (which does not evaluate TML and BB levels). A normal carnitine status may not be the
case in carnitine auxotrofic people (ie, fully dependent on the external intake of carnitine), particularly when they follow
a plant-based (non-animal) diet. Because of the aforementioned role of carnitine in the development of the central
nervous system, in young children with autism, detection of carnitine deficiency is crucial because in early stages, autistic
regressive episodes — that are often triggered by stressful events like infections — can be improved or even reversed by
means of immediate carnitine suppletion.” It follows that etiological investigation by means of whole exome sequencing
and extensive metabolic screening is mandatory when delayed developmental milestones and symptoms from the autism

spectrum coincide, even in the absence of any dysmorphisms.'>!’
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Conclusion

The phenotype of X-linked autism type 6, here etiologically related to the novel pathogenic variant in the TMLHE gene
described above, is characterized by moderate intellectual disability and symptoms from the autism spectrum in the absence of
any dysmorphisms. This and comparable patterns in people, referred for the differential diagnosis of autism and/or challenging
behaviour, point at the increasing importance of genetic and biochemical evaluation by means of next-generation metabolic
screening and next-generation sequencing techniques, particularly when symptoms occur already in early childhood.
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