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ABSTRACT
Background: Mutations in cysteinyl- tRNA synthetase (CARS1) have been implicated in a multisystem disease including micro-
cephaly, developmental delay, and brittle hair and nail phenotypes.
Methods: Here, we present a patient with hepatopathy, hypothyroidism, short stature, developmental delay, microcephaly, mus-
cular hypotonia, brittle hair, and ataxia. The patient underwent exome sequencing to identify potentially pathogenic genetic var-
iants. In addition, identified variants were assessed using yeast complementation assays to determine functional consequences.
Results: Exome sequencing determined that the patient is compound heterozygous for p.Arg341His and p.Arg370Trp CARS1. 
Yeast complementation assays showed that the p.Arg341His variant has a hypomorphic effect and that the p.Arg370Trp variant 
causes a complete loss- of- function effect.
Conclusion: This study is the second report of pathogenic CARS1 variants and expands the allelic and phenotypic heterogeneity 
of CARS1- associated disease.

1   |   Background

Aminoacyl- tRNA synthetases (ARSs) are essential enzymes 
that charge tRNA with cognate amino acids (Antonellis 
and Green  2008). There are 37 human ARSs—all nuclear- 
encoded—that are responsible for charging tRNA in the cy-
toplasm and the mitochondria (Antonellis and Green  2008). 

All 37 ARSs have been associated with recessive, multisystem 
phenotypes that often affect the central nervous system (Kuo 
and Antonellis 2020). Variants in ARS- associated recessive dis-
ease have loss- of- function effects on protein function (Meyer- 
Schuman and Antonellis  2017). Mutations in cysteinyl- tRNA 
synthetase (CARS1; MIM: 123859), which encodes the CARS1 
protein that charges tRNA with cysteine in the cytoplasm, were 
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previously implicated in a multisystem recessive disease that in-
cludes microcephaly, developmental delay, and brittle hair and 
nail phenotypes (Kuo et  al.  2019). Here, we present a patient 
with biallelic CARS1 variants—one previously identified by Kuo 
et al. and one previously unreported—who presents with hepa-
topathy, hypothyroidism, short stature, developmental delay, 
microcephaly, muscular hypotonia, brittle hair, and ataxia.

2   |   Methods

2.1   |   Clinical Methods

The proband was assessed using family history, disease history, 
and consultation with specialists. Psychological assessment 
methods included Denver II screening, developmental pro-
file 3 (DP- 3) testing, Reynolds Intellectual Assessment Scales 
(RIAS- 2) assessment, and Clinical Assessment of Behavior 
(CAB). Radiological assessment methods included radiography 
of the wrist, echography of the abdomen, echocardiography, and 
brain magnetic resonance imaging (MRI). Neuropsychological 
assessment methods included electroencephalogram (EEG) and 
echocardiography. The proband also underwent otoacoustic 
emission (OAE) testing and biochemical and hormonal analy-
sis; specific analyses are listed in the supplemental clinical data. 
Informed consent was obtained from the proband's parents.

2.2   |   Exome Sequencing

Whole- exome sequencing (WES) was performed at the Centre 
for Mendelian Genomics at the University Medical Centre 
Ljubljana, Slovenia. Sequencing was performed on DNA from 
venous blood, and data was processed through PhenoSystems by 
GensearchNGS. Sanger sequencing was performed to confirm 
WES results.

2.3   |   Sanger Sequencing

The mutations identified by WES were confirmed by Sanger 
sequencing of the genomic DNA isolated from blood of 
the patient. The primer pairs used for the amplification of 
1.4 kb fragment were designed: the forward primer used was 
5′- CTGGGTCAACACCAGAATC- 3′ and the reverse primer was 
5′- GCACCTGACAAGGGGACTC- 3′. DNA amplification was 
performed using GoTaq DNA Polymerase (Promega, Madison, 
Wisconsin). The following conditions were used for amplifica-
tion: 1 cycle of 95°C for 2 min, followed by 35 cycles of 95°C for 
30s, 55°C for 30s, 72°C for 90s, and a final extension at 72°C 
for 5 min. Amplified PCR product was purified using Wizard SV 
Gel and PCR Clean- Up System (Promega) and sequenced.

2.4   |   Multiple- Species Alignment

The Clustal Omega program was used to align CARS1 protein 
sequences from multiples species. The following GenBank 
accession numbers were used: human (Homo sapiens, 
NP_001742.1); mouse (Mus musculus, NP_001239522.1); ze-
brafish (Danio rerio, NP_001112372.1); worm (Caenorhabditis 

elegans, NP_001293288.1); yeast (Saccharomyces cerevisiae, 
NP_014152.1); and bacteria (Escherichia coli, CAU96413.1).

2.5   |   Enzyme Analysis

Aminoacylation activity of CARS1 was assayed in fibroblast ly-
sates of the patient and a control cell line. In addition, GARS1 
activity was simultaneously measured as an internal control. 
In brief, assays were performed at 37°C in reaction buffer 
(50 mmol/L Tris buffer [pH 7.5], 12 mmol/L MgCl, 25 mol/L 
KCl), 1 mg/mL bovine serum albumin, 0.5 mmol/L spermine, 
1 mmol/L ATP, 0.2 mmol/L yeast total tRNA, 1 mmol/L dith-
iotreitol, and 0.3 mM [13C4, 15N] cysteine and [D2] glycine. The 
reaction was terminated with trichloroacetic acid (TCA). After 
reaction termination and washing, ammonia was added to re-
lease [13C4, 15N] cysteine and [D2] glycine from tRNA molecules. 
[13C2, 15N] glycine was added as an internal standard. Labeled 
amino acids were quantified by liquid chromatography–tandem 
mass spectrometry (LC–MS/MS).

2.6   |   Yeast Complementation Assays

Yeast complementation assays to study the functional con-
sequences of CARS1 variants were performed as previously 
described (Kuo et al. 2019). The p.Arg370Trp variant was intro-
duced into the CARS1 open reading frame using QuikChange 
II XL Site- Directed Mutagenesis Kit (Agilent; Table  S1) in the 
pDONR221 vector. After mutagenesis, the CARS1 open reading 
frame was fully sequenced to confirm the presence of only the 
desired variant and then recombined into the pYY1 expression 
vector bearing the LEU2 gene (Chien et al. 2014) using Gateway 
cloning (Invitrogen). The p.Arg341His CARS1 pYY1 expression 
construct was generated in previous studies (Kuo et  al.  2019). 
These constructs were transformed into a haploid ∆CRS1 yeast 
strain with viability maintained using an exogenous copy of 
CRS1 on the pRS316 maintenance vector containing the URA3 
gene (Kuo et  al.  2019). Transformants were grown on media 
lacking both leucine and uracil to select for colonies containing 
both the maintenance and experimental plasmids. Individual 
colonies were grown to saturation, shaking at 275 rpm at 30°C 
for 2 days. A 1 mL of saturated culture was then concentrated by 
centrifuging at 15,000 rpm for 1 min and resuspending in 50 μL 
of Ultrapure water. A 10 μL of each concentrated culture was 
spotted (undiluted or diluted 1:10 or 1:100 in water) on plates 
containing 0.1% 5- FOA to select for spontaneous loss of the 
maintenance vector (Boeke et al. 1984). Plates were incubated 
at 30°C and yeast growth was visually inspected after 3–5 days. 
For each variant, two independently- generated expression con-
structs were tested across three experimental replicates, and 
two to four colonies were spotted for analysis, per experiment.

2.7   |   Yeast Spot Quantification

Yeast growth was quantified using ImageJ based on the pro-
tocol described in Petropavlovskiy et al. 2020 (Petropavlovskiy 
et  al.  2020). Background was subtracted using the “subtract 
background” function by setting the “rolling ball radius” to 
spot diameter + 20 and selecting “sliding paraboloid.” Image 
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brightness was adjusted using brightness/contrast set to “auto.” 
To quantify, gray value densitometry measures were taken for 
four background samples and one for each spot at the undiluted 
concentration. Both the background and the empty vector con-
trol measures were subtracted from each wild- type and variant 
measurement, and then each measurement was normalized to 
the wild- type gray value. Replicates were averaged to get final 
values. Data was analyzed using a one- way ANOVA and Tukey 
HSD tests to calculate significance between samples.

3   |   Results

3.1   |   Clinical Data

The proband (Figure 1A) is of Bulgarian descent and was born 
at 38 weeks gestation to unaffected parents. He presented with 
intrauterine growth restriction and fetal hypotrophy at 36 weeks 
gestation. He was born at slightly below average weight and 

height (2.45 kg, 47 cm, ≤ 5 percentile). At 3 months, he had not 
gained any weight and was diagnosed with failure to thrive, 
hypoglycemia, hepatomegaly, and elevated transaminases, and 
nasogastric tube feedings were initiated from ages 1 through 
3 years. At 1 year of age, he had EEG changes that prompted 
treatment with levetiracetam until the age of 3. He began to 
walk at 2 years and 6 months, at which point he could speak 
simple words but could not form sentences. He presented with 
developmental delay and on physical examination at 2 years and 
9 months he had short stature, facial dysmorphisms (bitemporal 
narrowing, midface hypoplasia, downslating palpebral fissures, 
hypotelorism, blue sclerae, anteverted concha, low nasal base, 
divergent strabismus), brittle hair (Figure 1B), positive bilateral 
Babinski reflexes, and ataxic gait. Laboratory findings were 
notable for elevated liver transaminases, dyslipidemia, hypoal-
buminemia, hypoglycemia, and hypothyroidism; although, at 
7 years of age transaminases are normal. Although initial brain 
imaging performed at 1 year of age indicated potential abnor-
malities, MRI performed at 4 years and 5 months showed no 

FIGURE 1    |    CARS1 variants found in proband. (A) Pedigree showing inheritance of the CARS1 alleles. Squares represent males, circles represent 
females, and the filled square indicates the affected individual. The arrow indicates the proband. Genotypes are below each individual and ques-
tion marks indicate unknown genotypes. (B) Photograph showing brittle hair phenotype of the proband. (C) Multiple- species alignment of CARS1 
amino- acid sequences. The protein annotation of the variant is above, the species names are on the left, and the affected residues are highlighted in 
red. (D) Sanger sequencing of proband gDNA validating the missense variants found by WES. (E) Diagram of CARS1 protein domains with previ-
ously described variants shown at the top of the figure and the newly described variant shown at the bottom of the figure. Variants identified in the 
proband are in red.
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brain abnormalities. Abdominal ultrasound showed lesions on 
the liver—potentially hemangiomas—and echocardiography 
ordered due to previous heart murmur showed membranous 
ventricular septal defect, which has since closed. At 4 years and 
9 months of age, the proband was treated with L- thyroxin, ur-
sodeoxycholic acid, glutathione spray, and vitamin C. By 6 years 
and 9 months of age, he had two generalized tonic–clonic sei-
zures, for which he was treated with levetiracetam; EEG was 
normal. As of March 2024, he was 7 years old, 13.4 kg (−3 SDS), 
102.5 cm tall (−4.49 SDS), and treated with L- thyroxin, ursode-
oxycholic acid, and levetiracetam. At present, the proband has 
delayed speech development and fine motor skills. Reflexes are 
normal, and neurological assessment shows no measurable re-
sidual disease. Additional clinical details can be found in the 
supplement.

3.2   |   Variant Data

The proband has a normal male karyotype (46, XY). He under-
went whole- exome sequencing using DNA isolated from lym-
phocytes in venous blood. WES analysis found biallelic variants 
in the CARS1 gene: c.1022G>A (p.Arg341His) and c.1108C>T 
(p.Arg370Trp) (Figure 1A,D). Sanger sequencing confirmed the 
presence of both variants in the heterozygous state in the pro-
band (Figure 1D). Sequencing of the parents revealed that the 
mother is heterozygous for the c.1022G>A allele and the father 
is heterozygous for the c.1108C>T allele. The proband's brother, 
who has cryptorchidism and refractory eye anomalies, has not 
yet undergone genetic analysis (Figure 1A). We assessed the evo-
lutionary conservation of these variants. The p.Arg341 residue is 
conserved among all analyzed species, and the p.Arg370 residue 
is conserved among human, mouse, and zebrafish (Figure 1C). 
Both variants fall within the catalytic domain of the CARS1 pro-
tein (Figure 1D). The frequency of these variants in the general 
population was assessed using the gnomAD database (Table 1) 
(Karczewski et al. 2020). The p.Arg341His variant is present in 
gnomAD at a low frequency (26/599,544), as is the p.Arg370Trp 
variant (5/1,526,966). None of these variants were found in the 
homozygous state. These data indicate that these variants occur 
at amino- acid residues that are potentially important for en-
zyme function.

3.3   |   Functional Data

To determine the functional consequences of the CARS1 variants 
described in this study, we assessed the enzyme activity of the 
CARS1 protein in patient fibroblast lysates. The average CARS1 

aminoacylation activity was decreased in the patient cells com-
pared to controls (37%), similar to levels previously shown in Kuo 
et al. (Kuo et al. 2019); however, there was significant variability 
in the samples. GARS1 activity, determined simultaneously, was 
similar to the control activity (80% of control) (Figure S1).

We next tested the ability of wild- type or mutant human CARS1 
to complement deletion of CRS1 in yeast; CRS1 encodes the yeast 
ortholog of CARS1. We used a haploid yeast strain with endoge-
nous CRS1 deleted and with viability maintained via a mainte-
nance vector harboring CRS1 and URA3 generated in a previous 
study (Kuo et al. 2019). Yeast transformations were performed 
in replicates corresponding to patient genotypes. Yeast trans-
formed with an empty plasmid did not grow, confirming that 
CRS1 is an essential gene. Wild- type human CARS1 supported 
yeast growth, indicating that human CARS1 is able to comple-
ment the loss of yeast CRS1. The p.Arg341His CARS1 variant 
supported yeast growth, but not equally to wild- type CARS1 
(Figure  2A,B), indicating that p.Arg341His CARS1 is a hypo-
morphic allele in this model as previously demonstrated (Kuo 
et al. 2019). The p.Arg370Trp CARS1 variant did not support any 
yeast growth (Figure 2A,B), indicating that p.Arg370Trp CARS1 
is a complete loss- of- function allele in this model. Spots at the 
undiluted concentration taken from day 3 images were quanti-
fied to measure yeast growth compared to wild- type across all 
replicates, which supports the observations that p.Arg341His is 
hypomorphic (padj < 0.0001) and that p.Arg370Trp causes a loss- 
of- function effect (padj < 0.0001) in this system (Figure 2B).

4   |   Discussion

Here we present a patient with biallelic CARS1 variants and a 
multisystem disease including hepatopathy, hypothyroidism, 
short stature, developmental delay, microcephaly, muscular hy-
potonia, brittle hair, and ataxia. Functional data supports a par-
tial loss- of- function effect for p.Arg341His CARS1, as previously 
demonstrated (Kuo et al. 2019), and a complete loss- of- function 
effect for p.Arg370Trp CARS1. Although enzyme analysis did 
not show any statistically significant differences in CARS1 ami-
noacylation function between patient fibroblasts and control 
cells due to variability between replicates, the average enzyme 
activity was decreased in patient fibroblasts compared to con-
trols. Further analysis is required to interrogate if the mutant 
CARS1 proteins are defective in aminoacylation.

This study expands both the clinical and genotypic heterogeneity 
of CARS1- associated disease. As described in previous CARS1 pa-
tients, the proband presents with brittle hair, which has also been 

TABLE 1    |    CARS1 patient variant allele frequency.

Nucleotide changea Amino acid changeb
Detection in 

gnomADc
Minor allele 

frequency
# Homozygotes 

in gnomAD

c.1022G>A p.Arg341His 26/599,544 0.000043 0

c.1108C>T p.Arg370Trp 5/1,526,966 0.000003 0
aHuman nucleotide positions correspond to NM_001751.6.
bHuman amino acid positions correspond to NP_001742.1.
cgnomad.broadinstitute.org v4.0.0.



5 of 6

described in patients with AARS1-  and MARS1- associated tricho-
thiodystrophy (Kuo et al. 2019; Botta et al. 2021). Additionally, the 
proband presents with other phenotypes described in CARS1 pa-
tients, including developmental delay, failure to thrive, seizures, 
and liver dysfunction (Kuo et al. 2019). Other phenotypes observed 
in this case, while not previously observed in CARS1 patients, have 
been observed in patients with biallelic variants in other tRNA 
synthetases (Table 2). It is currently unclear what leads to differ-
ential phenotypes between the proband and previously reported 
cases of CARS1- associated disease. In addition, further investiga-
tion is required into why the brittle hair phenotype currently re-
mains unique to CARS1 patients.

In conclusion, our data support an expansion of the allelic and phe-
notypic heterogeneity of CARS1- associated recessive disease con-
sistent with phenotypes found in other ARS- associated recessive 
multisystem disease, and supports the hypothesis that a depletion 
in ARS function leads to the recessive disease phenotypes.
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