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Cysteinyl-tRNA Synthetase Mutations Cause a Multi-
System, Recessive Disease That Includes Microcephaly,
Developmental Delay, and Brittle Hair and Nails

Molly E. Kuo,1,2,11 Arjan F. Theil,3,11 Anneke Kievit,4 May Christine Malicdan,5 Wendy J. Introne,5

Thomas Christian,6 Frans W. Verheijen,4 Desiree E.C. Smith,7 Marisa I. Mendes,7 Lidia Hussaarts-Odijk,4

Eric van der Meijden,4 Marjon van Slegtenhorst,4 Martina Wilke,4 Wim Vermeulen,3 Anja Raams,3

Catherine Groden,5 Shino Shimada,5 Rebecca Meyer-Schuman,8 Ya Ming Hou,6 William A. Gahl,5

Anthony Antonellis,1,8,9,11,* Gajja S. Salomons,7,10,11,* and Grazia M.S. Mancini4,11

Aminoacyl-tRNA synthetases (ARSs) are essential enzymes responsible for charging tRNA molecules with cognate amino acids. Consis-

tent with the essential function and ubiquitous expression of ARSs, mutations in 32 of the 37 ARS-encoding loci cause severe, early-onset

recessive phenotypes. Previous genetic and functional data suggest a loss-of-function mechanism; however, our understanding of the

allelic and locus heterogeneity of ARS-related disease is incomplete. Cysteinyl-tRNA synthetase (CARS) encodes the enzyme that charges

tRNACys with cysteine in the cytoplasm. To date, CARS variants have not been implicated in any human disease phenotype. Here, we

report on four subjects from three families with complex syndromes that include microcephaly, developmental delay, and brittle hair

and nails. Each affected person carries bi-allelic CARS variants: one individual is compound heterozygous for c.1138C>T (p.Gln380*)

and c.1022G>A (p.Arg341His), two related individuals are compound heterozygous for c.1076C>T (p.Ser359Leu) and c.1199T>A

(p.Leu400Gln), and one individual is homozygous for c.2061dup (p.Ser688Glnfs*2). Measurement of protein abundance, yeast comple-

mentation assays, and assessments of tRNA charging indicate that each CARS variant causes a loss-of-function effect. Compared to

subjects with previously reported ARS-related diseases, individuals with bi-allelic CARS variants are unique in presenting with a brit-

tle-hair-and-nail phenotype, which most likely reflects the high cysteine content in human keratins. In sum, our efforts implicate

CARS variants in human inherited disease, expand the locus and clinical heterogeneity of ARS-related clinical phenotypes, and further

support impaired tRNA charging as the primary mechanism of recessive ARS-related disease.
Aminoacyl-tRNA synthetases (ARSs) are essential, ubiqui-

tously expressed enzymes that charge tRNA molecules

with cognate amino acids in the cytoplasm and mitochon-

dria.1 Mutations in 32 ARS loci have been implicated in

recessive disease, and the associated phenotypes tend to

involve a wide array of tissues.2–4 The genotypes of subjects

withARS-mediated recessivedisorders suggesta loss-of-func-

tionmechanism for disease pathogenesis but are also consis-

tent with the presumbed lethality of complete loss of ARS

function. Specifically, subjects are compound heterozygous

for one missense mutation and one null allele, compound

heterozygous for two missense mutations, or homozygous

for a single missense mutation.2 Consistent with this

notion, functional studies have revealed that recessive dis-

ease-associated ARS mutations cause reduced protein abun-

dance in immunoblot assays,5–17 decreasedmutant enzyme

activity via in vitro kinetic assays,9,18–25 and/or diminished

ability of the mutated gene to support cellular growth in
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yeast complementation assays.12,13,21,22,26–33 As such,

impaired protein translation as a consequence of decreased

tRNA charging is the most likely molecular mechanism for

ARS-mediated recessive disease.2

Here, we report on four affected individuals from three

unrelated families. These individuals have similar clinical

presentations (Table S1) and bi-allelic loss-of-function var-

iants in cysteinyl-tRNA synthetase (CARS [MIM: 123859]).

The appropriate, institute-specific review boards approved

all studies, and informed consent was obtained from all

subjects. The individual from family 1 (subject 1-3,

Figure 1A) is of mixed European and French-Canadian

descent and was enrolled in the NIHUndiagnosed Diseases

Program. He was born at 33 weeks gestation to asymptom-

atic parents and presented with intrauterine growth retar-

dation and microcephaly. In childhood he presented with

failure to thrive, non-progressive cognitive delay, periph-

eral neuropathy, osteoporosis, proportionate short stature,
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Figure 1. Pedigrees Harboring CARS Variants
Simplex pedigrees are shown for family 1 (A), family 2 (B), and
family 3 (C). Squares represent males, and circles represent fe-
males. Subject numbers and genotypes are indicated under each
symbol, and filled shapes indicate affected subjects.
recurrent hernias, mild aortic root dilatation, recurrent

elbow dislocation, feeding difficulties, esophagitis

requiring Nissen fundoplication, urinary retention, and

chronic pain. At age 24 he was diagnosed with hypotha-

lamic hypogonadism and delayed puberty, as well as type

II diabetes mellitus. On examination he had dysmorphic

features; a barrel-shaped trunk with wasting of the distal

extremities; hypospadias with chordee; hyperextensible

joints; myopia; central hypotonia but increased extremity

tone; prominent lateral ventricles and sulci with mild cere-

bral atrophy upon brain MRI (Figures 2A–C); and fine, brit-

tle hair (Figure 3A) and brittle nails (Figure S1A and S1B).

Polarized light microscopy of hair shafts revealedmoderate

tiger-tail patterns compared to those of controls (Figures

4A and 4B). Subject 1-3 is currently 34 years old and has

mild motor, language, and cognitive disabilities.

The individual from family 2 (subject 2-4, Figure 1B) is of

Dutch descent, has asymptomatic parents, and was born at

38 weeks’ gestation via elective cesarean section prompted

by intrauterine growth retardation. As a result of a small

atrial septal defect and failure to thrive, she was hospital-

ized for two months after birth. In childhood she devel-

oped restless behavior, poor sleep, mild dystonia, ataxic

hand movements, poor coordination, and developmental

delay. At age 30 she was diagnosed with diabetes mellitus.

A CT scan of the head when she was 2 years old was

normal. A brain MRI performed when she was 20 years

old revealed areas of apparent delayed myelination;
The Ameri
decreased white-matter volume; prominence of cerebellar

folia; a small corpus striatum; hypoplasia of the corpus cal-

losum; andmild, globally diffuse cerebral and cerebellar at-

rophy (Figures 2D–2F). The quality of the MRI and the lack

of a repeat MRI did not allow distinction between hypo-

myelination and demyelination. On examination she

had microcephaly; fine facial features; fragile nails; and

sparse, brittle, and thin hair (Figure 3B). Light microscopy

of hair shafts revealed trichoschisis and trichorrhexis no-

dosa, polarized microscopy showed weak but consistent

tiger tail banding (Figure 4C), and scanning electron mi-

croscopy showed longitudinal grooves (data not shown).

Subject 2-4 is currently 35 years old and has a moderate

level of motor, language, and cognitive disability.

Family 3 includes two affected siblings (subjects 3-3 and

3-4, Figure 1C) who are of Dutch descent and were born

to asymptomatic parents. Both subjects presented with

developmental delay, mild spastic ataxia, a wide-based

gait, pyramidal signs, liver steatosis, and thin hair (Figures

3C and3D). Polarizedmicroscopyof hair shafts revealed tri-

chorrhexis and moderate tiger-tail patterns in subject 3-3

(Figure 4D) and mild tiger-tail patterns in subject 3-4 (data

not shown). Subject 3-3was observed from infancy because

of unexplained failure to thrive, cholestasis, and fat malab-

sorption and had complex partial and generalized seizures.

Subject 3-4 presented at two months with congenital

nystagmus and high myopia; at nine months she had

repeated convulsions associated with fever and was diag-

nosedwith hepatomegaly and steatosis. Brain CTof subject

3-3 revealed hemiatrophy and a wide right ventricle (data

not shown). Subject 3-3 is currently 25 years old and has a

moderate level ofmotor, language, and cognitive disability.

Subject 3-4 is currently 20 years old and has a mild level of

motor, language, and cognitive disability. Tiger-tail struc-

tural anomalies are typical of individuals affected by tricho-

thiodystrophy (TTD);34 indeed, this was the initial clinical

diagnosis of subject 2-4. Because TTD is often caused by

DNA-repair defects, thorough analysis ofDNA-repair capac-

itywas performed on skin fibroblasts from subjects 1-3, 2-4,

and 3-3. This analysis did not reveal any defects (Figure S2).

To identify candidate variants for the unexplained phe-

notypes observed in our subjects, we performed exome

sequencing (ES) on all affected individuals and their unaf-

fected parents (Figure 1A–1C). In Family 1, ES was per-

formed using the Illumina HiSeq2000 platform and the

TrueSeq capture kit as previously described.35–38 Sequence

data were aligned to the human reference genome (hg19),

and variants were filtered with VarSifter39 on the basis of

allele frequencies in the NIH-UDP cohort.36,40,41 In fam-

ilies 2 and 3, trio ES was performed after DNA enrichment

with Agilent Sureselect Exome V4 Capture and subse-

quently run on the HiSeq platform (101bp paired-end, Illu-

mina) with an average depth coverage of 503–1003;

sequences were mapped with BWA. Variants were detected

with the Genome Analysis Toolkit, and the VCF files were

filtered with Cartagenia software (version 3.0.7). A sum-

mary of the ES analysis is provided in Table S2.
can Journal of Human Genetics 104, 520–529, March 7, 2019 521



Figure 2. Subjects with CARS Variants
Present with Central Nervous System
Features
Sagittal T1-weighted (A) and axial T2-
weighted (B and C) imaging of subject 1-3
shows moderate cerebral atrophy, a thin
corpus callosum (A; arrow), mild atrophy
of the superior cerebellar vermis (A; arrow-
head), thin cerebellar folia, incomplete falx
cerebri, incomplete tentorium, and variant
anatomy of the circle of Willis. Sagittal T1-
weighted imaging on subject 2-4 shows
thin splenium of corpus callosum (D; ar-
row) and mild atrophy of the vermis
(D; arrowhead). T2-weighted axial images
of subject 2-4 show moderate global cere-
bral atrophy, deep sulci (E), thin cerebellar
folia (F), and decreased white-matter vol-
ume, but globally normal myelination
(D–F).
Analysis of ES data revealed that all four affected indi-

viduals are homozygous or compound heterozygous for

CARS variants (Table 1 and Figure 1). Variant analysis by

ES in family 1 revealed additional candidate disease-

causing variants in DEAF1 (MIM: 602635), SOX30 (MIM:

606698), and PTPN13 (MIM: 600267). In family 2, ES

analysis revealed no additional candidate variants. In fam-

ily 3, ES analysis revealed candidate variants in ZNF185

(MIM: 300381). Importantly, the phenotypic similarity

among subjects is consistent with the finding that all
522 The American Journal of Human Genetics 104, 520–529, March
three families carry CARS variants, which were the only

common candidates identified via ES; it should be noted

that the research groups studying these families were con-

nected via GeneMatcher42 on the basis of the detection of

CARS variants.

Sanger sequencing analysis of genomic DNA isolated

from subjects’ fibroblasts confirmed each variant (Figures

1 and 5A). Subject 1-3 is homozygous for c.2061dup,

which predicts a frameshift variant, p.Ser688Glnfs*2 (Ta-

ble 1). This variant is present in the gnomAD database43
Figure 3. Subjects with CARS Variants
Present with Brittle Hair
Photographs show the brittle scalp hair in
subject 1-3 (A), subject 2-4 (B), subject 3-3
(C), and subject 3-4 (D).
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Figure 4. Subjects with CARS Variants
Present with Hair-Shaft Abnormalities
Polarized light microscopy of hair shafts at
the same magnification. Depicted are:
(A) An unrelated, age-matched healthy
subject.
(B) Subject 1-3, showingmoderate tiger-tail
patterns.
(C) Subject 2-4, showing trichorrhexis and
tiger-tail patterns.
(D) Subject 3-3, showing trichorrhexis and
moderate tiger-tail patterns.
Note the difference in shaft diameter be-
tween healthy (A) and affected (B–D)
subjects.
only in the heterozygous state (2/251,406). Subject 2-4 is

compound heterozygous for two CARS variants. The

maternally inherited variant (c.1022G>A; p.Arg341His) is

present in gnomAD (8/178,368); however, no homozy-

gous individuals were detected in this database (Table 1).

The paternally inherited variant (c.1138C>T; p.Gln380*)

is present in gnomAD with a very low frequency

(1/184,276) (Table 1). Subjects 3-3 and 3-4 are both com-

pound heterozygous for two CARS missense variants. The

maternally inherited variant (c.1076C>T; p.Ser359Leu) is

present in the gnomAD database (8/194,406); however,

no homozygous individuals were detected (Table 1). The

paternally inherited variant (c.1199T>A; p.Leu400Gln) is

not present in the gnomAD database (Table 1).

CARS is the sole enzyme responsible for charging

tRNACys molecules in the cytoplasm of mammalian cells;

CARS2 is a nuclear-encoded enzyme responsible for

charging tRNACys molecules in mitochondria.1 There are

two protein isoforms of CARS; they differ in their C-termi-

nal sequences and result from alternative splicing of the
Table 1. CARS Variants Identified in Subjects with Recessive Disease

Subject Nucleotide Changea Amino Acid Changeb Detection in gn

1-3 c.2061dup p.Ser688Glnfs*2 2/251,406

2-4 c.1022G>A p.Arg341His 8/178,368

2-4 c.1138C>T p.Gln380* 1/184,276

3-3 c.1076C>T p.Ser359Leu 8/194,406

3-3 c.1199T>A p.Leu400Gln Not present

aHuman nucleotide positions correspond to GenBank: NM_001751.5.
bHuman amino acid positions correspond to GenBank: NP_001742.1.
cSee Web Resources.

The American Journal of Human G
penultimate exon.44 CARS is a class I

ARS enzyme containing a catalytic

domain that activates and trans-

fers cysteine to tRNA. CARS also

contains an anticodon binding

domain for tRNA recognition.45–47

The p.Arg341His, p.Ser359Leu,

p.Gln380*, and p.Leu400Gln variants
all affect residues that map to the catalytic domain

(Figure 5B). The p.Gln380* variant is predicted to result in

a truncated protein missing 368 of the 748 CARS amino

acid residues; such a truncation would result in the

complete loss of the anticodon-binding domain. The

p.Ser688Glnfs*2 variant maps to the C terminus in a region

that is conserved among eukaryotes and that is important

for the binding specificity between CARS and tRNACys.48

We assessed the evolutionary conservation of each affected

CARS amino acid residue by aligning protein sequences of

CARS orthologs from multiple species. The Arg341 residue

is conserved among all analyzed species; the Leu400 residue

is conserved in all analyzed species except bacteria; and the

Ser359 residue is conserved among the human, mouse, and

zebrafish CARS proteins (Figure 5C). The p.Ser688Glnfs*2

variant is predicted to truncate CARS by 60 amino acids.

Of those 60 amino acids, 28% (17/60) are conserved among

all analyzed species except bacteria, and 70% (42/60) are

conserved among the human, mouse, and zebrafish CARS

proteins (Figure 5C and data not shown).
omADc Minor-Allele Frequency

0.000008

0.00004

0.000005

0.00004

0
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Figure 5. Characterization of CARS Variants Identified in the Cohort of Affected Subjects
(A) Representative sequence chromatograms are shown for the individuals indicated on the left. The protein and cDNA annotations of
the identified variants are above, and the effect on amino acid sequence is indicated below. Arrows show the position of each variant.
(B) CARS functional domains are indicated in red (catalytic domain) and green (anticodon-binding domain) and the positions of the
variants are shown across the top. Numbers along the bottom indicate amino acid positions for the CARS protein.
(C) The position of each variant is shown along with flanking CARS amino acid residues from multiple evolutionarily diverse species.
The protein annotation of the variant is above, and the species names are on the left. The position of the affected residue is shown
in red for each species.
The p.Gln380* and p.Ser688Glnfs*2 CARS variants

encode premature stop codons and are therefore predicted

to reduce the expression of full-length CARS. To test this

prediction, we performed immunoblot analyses on protein

isolated from fibroblasts from both affected individuals

and unaffected controls; for these analyses, we used anti-

bodies against CARS (sc-390230, Santa Cruz, purified

mouse antibody, 1:250 dilution) and actin (A5060, Sigma,

purified rabbit antibody, 1:5000 dilution). The molecular

weights of the two wild-type CARS isoforms are predicted

to be �82 kDa and �85 kDa;44 these isoforms appear as a

single band when lysates are electrophoresed on a 4%–

20% tris-glycine gel (Figure 6A). In protein isolated from

subject 1-3’s fibroblasts, there was a single band at

�78 kDa, consistent with the predicted size of the trun-

cated protein (Figure 6A). We therefore conclude that a

truncated protein is expressed and stable, which is consis-

tent with the viability of subject 1-3. In protein isolated
524 The American Journal of Human Genetics 104, 520–529, March
from subject 2-4’s fibroblasts, the amount of full-length

CARS protein were significantly reduced in comparison

to the amount in control cells (Figure 6A). This could be ex-

plained by the ablation of the expression of full-length

CARS by the p.Gln380* variant; no truncated protein was

detectable upon repeated analysis of an entire blot

(Figure S3). In protein isolated from subject 3-3’s fibro-

blasts, the amount of full-length CARS protein was similar

to that of control cells (Figure 6A), which is consistent with

the expression of two expressed and stable missense CARS

protein variants in this subject. To determine whether the

identified CARS variants affect subcellular protein localiza-

tion, we performed immunofluorescence analysis by using

a CARS antibody (H00000833-B01P, Novus Biologicals).

These studies did not reveal any gross changes in CARS

protein localization (Figure S4).

To assess the effect of CARS variants in the context of the

affected individuals’ genotypes, we performed steady-state
7, 2019



Figure 6. CARS Variants Affect Gene Function in Cell Lines from
Affected Subjects
(A) Immunoblot analyses were performed on total protein lysates
that were isolated from fibroblasts and through the use of an anti-
CARS or anti-actin antibody (indicated on the right). Sample
names are across the top, and sizes (kDa) are indicated at the
left. Analysis revealed a truncated CARS protein in cells from sub-
ject 1-3 and reduced CARS protein expression in cells from subject
2-4 compared to controls.
(B) The cytosolic fraction of subjects’ fibroblasts was used to deter-
mine CARS (blue) and GARS (red; internal control) activities. Sam-
ples are labeled across the bottom, and error bars indicate standard
deviations of three technical replicates.
aminoacylation reactions on protein lysates from fibro-

blasts taken from those individuals. GARS 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 dithiotreitol, and 0.3 mM [13C4,15N] cysteine

and [D2] glycine). The reaction was terminated with tri-

chloroacetic acid (TCA). After reaction termination and

washing, ammonia was added so that [13C4,15N] cysteine

and [D2] glycine would be released from tRNA molecules.

[13C2,15N] glycine was added as an internal standard.

Labeled amino acids were quantified by liquid chromatog-

raphy-tandem mass spectrometry (LC-MS/MS). Intra-assay

variation was <15%, and no decreases were observed for

GARS (internal control) activity in affected versus unaf-

fected individuals (p value ¼ 0.624). Statistical significance

was determined with a one-tailed, unpaired t test.

Compared to control cells and those isolated from the

unaffected mother in family 1, each subject showed signif-

icantly reduced CARS activity (Figure 6B; p value < 0.001):

�70% reduction for subject 1-3, �80% reduction for sub-

ject 2-4, and �40% reduction for subject 3-3. Importantly,

these data are consistent with a loss-of-function effect for

each CARS variant.
The Ameri
To evaluate the functional consequences of each CARS

allele in isolation, we developed a yeast complementation

assay. In brief, a haploid yeast strain was generated with

the endogenous yeast CARS ortholog (YNL247W) deleted,

and viability was maintained with YNL247W on a URA3-

bearing maintenance vector. Each CARS variant was

modeled in human CARS, which was reported to rescue

loss of YNL247W.49 Wild-type or mutant CARS (or wild-

type YNL247W) was transformed into yeast, and growth

was evaluated on 5-FOA medium, which selects for the

spontaneous loss of the maintenance vector.50 The

amount of CARS protein present in transformed yeast

was assessed via immunoblot analysis (Figure S5). Wild-

type YNL247W and wild-type human CARS rescued yeast

viability, whereas an empty vector did not (Figure 7A).

This is consistent with the finding that human CARS sup-

ports loss of the endogenous YNL247W and with

YNL247W being an essential gene, respectively. The

p.Gln380*, p.Leu400Gln, and p.Ser688Glnfs*2 variants

did not support any yeast cell growth (Figure 7A), consis-

tent with a loss-of-function effect. The p.Arg341His and

p.Ser359Leu variants were associated with severely reduced

but not ablated yeast cell growth (Figure 7A), consistent

with hypomorphic alleles. To gain a more sensitive assess-

ment of the hypomorphic p.Arg341His or p.Ser359Leu

variants, we performed aminoacylation assays, which eval-

uate the kinetic properties of ARS variants and have been

established as informative for studying disease-associated

ARS alleles.51 We tested recombinant human CARS

proteins (wild-type, p.Arg341His, and p.Ser359Leu)

for the ability to charge human cytoplasmic tRNACys

with 35S-labeled cysteine as previously described.44,52 Anal-

ysis of the initial rate of aminoacylation as a function of

the tRNA substrate concentration showed that both

mutant CARS proteins cause a reduction in enzyme activ-

ity (Figure 7B and Table S3): p.Arg341His resulted in a

50% reduction in activity compared to that of wild-type

CARS, and p.Ser359Leu resulted in a 84% reduction in ac-

tivity compared to that of wild-type CARS. These data are

consistent with the yeast complementation assay and the

skin fibroblast results and indicate that each of these vari-

ants is a hypomorphic allele.

In summary, we present clinical, genetic, and functional

data that implicate CARS variants in a multi-system, reces-

sive disease that includes microcephaly, developmental

delay, and brittle hair and nails. The genetic and clinical

evidence we present supports the pathogenicity of the

identified CARS variants in several ways. First, three inde-

pendent pedigrees displayed an overlapping phenotype

with unique features, including brittle hair and nails; these

data are consistent with a common underlying genetic eti-

ology among the three families. Second, CARS variants

segregate with the presumed recessive phenotype in all

three families, and each affected subject is homozygous

or compound heterozygous for variants that result in trun-

cated proteins or that affect highly conserved amino acids.

Third, our functional studies also strongly support the
can Journal of Human Genetics 104, 520–529, March 7, 2019 525



Figure 7. All Five Disease-Associated
CARS Variants Cause Loss-of-Function
Effects
(A) Haploid yeast cells lacking endogenous
YNL247W (the yeast ortholog of CARS)
were transformed with vectors containing
wild-type or mutant CARS or with a vector
with no CARS insert (‘‘empty’’); the vector
used in each experiment is indicated across
the top. Resulting cultures, either undi-
luted or diluted (1:10 or 1:100), were plated
on solid growthmedium containing 5-FOA
and grown at 30�C for 5 days. The corre-
sponding affected individual who carries
each variant is listed above.
(B) Initial aminoacylation rates (pmol/min)
of wild-type (black circles and line),
p.Arg341His (red circles and lines), and
p.Ser359Leu (blue circles and line) CARS
were plotted against tRNA concentrations
and fit to the Michaelis-Menten equation.
Error bars indicate standard deviations of
three technical replicates.
(C) Hair cysteine index (percent of total
protein lysate) in controls and TTD-
affected individuals compared to individ-
uals with bi-allelic CARS variants. Note
that only subject 2-4 (two independent
samples) falls within the range of TTD sub-
jects. Only one sample each was assessed
for subject 1-3, subject 3-3, and subject 3-4.
pathogenicity of each CARS variant. Specifically, each

variant causes a loss-of-function effect in protein abun-

dance, tRNA charging, or yeast complementation assays.

Indeed, these assays are commonly used for demonstrating

a loss-of-function effect for disease-associated ARS muta-

tions. Aminoacylation assays have tested the effects of var-

iants in 15 ARS genes implicated in recessive disease, and

yeast complementation assays have tested the effects of

variants in eight ARS genes implicated in recessive

disease.51 Using cell lysates from affected individuals to

test aminoacylation activity is a technique that determines

the effects of ARS mutations in the context of the affected

individual’s genome; these studies will be critical for future

efforts to better classify the effect of disease-associated ARS

genotypes on tRNA charging.

Our functional studies on the disease-associated CARS

variants also provide insight into the pathogenic mecha-

nism of the clinical phenotype observed in our subjects.

That is, the loss-of-function effects suggest that impaired

tRNA charging leads to reduced, interrupted, or otherwise

altered protein translation in the affected organ systems.

This notion is consistent with previous reports of loss-of-

function effects of variants in other ARS genes identified

in individuals with recessive phenotypes.2 An alterna-

tive—albeit less likely—possibility is that CARS has some

non-canonical function that is unrelated to tRNA charging

and that is affected by the variants described here, and that

this function is particularly important for the affected tis-

sues. Although CARS has been reported to function in

cysteine polysulfidation53 and ferroptosis,54 further work
526 The American Journal of Human Genetics 104, 520–529, March
is needed to identify secondary CARS functions that might

be relevant to the phenotypes in our subjects. Importantly,

phenotypic overlap between our subjects and others with

ARS-mediated recessive disease further supports the patho-

genicity of the identified CARS variants and indicates a

common mechanism for ARS-related recessive disease.

Indeed, the combination of clinical features in our subjects

is compatible with what has previously been reported in

other ARS-related autosomal-recessive phenotypes. For

example, developmental delay is common to all four indi-

viduals with CARS variants and is also seen in individuals

with variants in DARS (MIM: 603084), DARS2 (MIM:

610956), FARS2 (MIM: 611592), KARS (MIM: 601421),

NARS2 (MIM: 612803), PARS2 (MIM: 612036), QARS

(MIM: 603727), RARS2 (MIM: 611524), VARS (MIM:

192150), and YARS (MIM: 603623).2 Similarly, micro-

cephaly is common to subjects 1-3 and 2-4 and is also

seen in individuals with variants in AARS (MIM: 601065),

GARS (MIM: 600287), IARS (MIM: 600709), KARS, NARS2,

PARS2, QARS, RARS2, SARS (MIM: 607529), VARS, VARS2

(MIM: 612802), and WARS2 (MIM: 604733).2,55 Finally,

liver dysfunction is common to subjects 1-3, 3-3, and 3-4

and is also seen in individuals with variants in EARS2

(MIM: 612799), FARSB (MIM: 609690), FARS2, IARS, LARS

(MIM: 151350), LARS2 (MIM: 604544), MARS (MIM:

156560), and YARS.2,3,7,9,56,57 In addition to the above phe-

notypes, subject 1-3 has an axonal peripheral neuropathy,

which has previously been associated with variants in five

other ARS loci.2 Severe depletion of tRNA charging might

be responsible for the peripheral neuropathy in this
7, 2019



individual; reduced enzyme function is a common feature

of neuropathy-associated ARS variants.2,51

Interestingly, all four affected individuals described here

have some degree of fine, brittle hair with microscopic

shaft abnormalities; this characteristic has not been previ-

ously associated with disease-causing ARS variants. Hair

and nails could be particularly susceptible to impairments

in CARS function because of the high cysteine content of

keratins expressed in these tissues. To begin to address

this possibility, we performed quantitative analysis of

hair amino acid composition after hydrolysis and followed

this with liquid chromatography. Consistent with our hy-

pothesis, this assay showed a lower cysteine to total amino

acid index in hair from subject 2-4, which is within the

range for individuals with TTD (Figure 7C). No other indi-

vidual in our study showed such an effect on the hair

cysteine index, but it is interesting to note that subject

2-4 had both the most abnormal hair structure and the

most dramatic reduction in CARS activity (Figure 6B). At

the moment, it is not clear why CARS deficiency renders

individuals susceptible to other characteristic phenotypes

such as liver steatosis and impairment of the central ner-

vous system. Confirming our observations and deter-

mining whether the translation of cysteine-rich proteins

is affected by impaired CARS activity will require further

studies in appropriate animal models.

In conclusion, we present clinical, genetic, and func-

tional data that implicate CARS variants in a multi-system,

recessive disease that includes microcephaly, develop-

mental delay, and brittle hair and nails. These findings

expand the locus and clinical heterogeneity of ARS-related

disease and further support the hypothesis that impaired

tRNA charging followed by protein translation defects is

the primary pathogenic mechanism of ARS-related reces-

sive disease.
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Giegé, R., et al. (2010). Mutation of the mitochondrial tyro-

syl-tRNA synthetase gene, YARS2, causes myopathy, lactic

acidosis, and sideroblastic anemia–MLASA syndrome. Am. J.

Hum. Genet. 87, 52–59.

26. Simons, C., Griffin, L.B., Helman, G., Golas, G., Pizzino, A.,

Bloom, M., Murphy, J.L.P., Crawford, J., Evans, S.H., Topper,

S., et al. (2015). Loss-of-function alanyl-tRNA synthetase mu-

tations cause an autosomal-recessive early-onset epileptic en-

cephalopathy with persistentmyelination defect. Am. J. Hum.

Genet. 96, 675–681.

27. Dallabona, C., Diodato, D., Kevelam, S.H., Haack, T.B., Wong,

L.-J., Salomons, G.S., Baruffini, E., Melchionda, L., Mariotti,

C., Strom, T.M., et al. (2014). Novel (ovario) leukodystrophy

related to AARS2 mutations. Neurology 82, 2063–2071.

28. Orenstein, N., Weiss, K., Oprescu, S.N., Shapira, R., Kidron, D.,

Vanagaite-Basel, L., Antonellis, A., andMuenke, M. (2017). Bi-

allelic IARS mutations in a child with intra-uterine growth

retardation, neonatal cholestasis, and mild developmental

delay. Clin. Genet. 91, 913–917.

29. Kopajtich, R., Murayama, K., Janecke, A.R., Haack, T.B., Bre-

uer, M., Knisely, A.S., Harting, I., Ohashi, T., Okazaki, Y., Wa-

tanabe, D., et al. (2016). Biallelic IARSmutations cause growth

retardation with prenatal onset, intellectual disability,

muscular hypotonia, and infantile hepatopathy. Am. J.

Hum. Genet. 99, 414–422.

30. Pierce, S.B., Gersak, K., Michaelson-Cohen, R., Walsh, T., Lee,

M.K., Malach, D., Klevit, R.E., King, M.-C., and Levy-Lahad, E.

(2013). Mutations in LARS2, encoding mitochondrial leucyl-

tRNA synthetase, lead to premature ovarian failure and hearing

loss in Perrault syndrome. Am. J. Hum. Genet. 92, 614–620.
7, 2019

http://refhub.elsevier.com/S0002-9297(19)30006-0/sref7
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref7
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref8
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref8
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref8
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref8
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref8
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref8
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref8
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref8
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref9
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref9
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref9
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref9
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref9
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref10
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref10
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref10
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref10
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref10
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref11
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref11
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref11
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref11
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref11
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref12
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref12
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref12
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref12
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref12
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref12
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref13
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref13
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref13
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref13
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref13
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref14
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref14
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref14
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref14
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref14
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref15
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref15
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref15
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref15
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref16
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref16
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref16
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref16
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref16
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref17
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref17
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref17
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref17
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref17
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref17
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref17
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref18
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref18
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref18
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref18
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref18
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref19
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref19
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref19
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref19
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref19
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref20
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref20
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref20
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref20
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref20
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref21
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref21
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref21
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref21
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref21
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref22
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref22
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref22
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref22
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref22
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref22
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref23
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref23
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref23
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref23
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref24
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref24
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref24
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref24
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref24
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref25
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref25
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref25
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref25
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref25
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref25
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref26
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref26
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref26
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref26
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref26
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref26
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref27
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref27
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref27
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref27
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref28
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref28
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref28
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref28
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref28
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref29
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref29
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref29
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref29
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref29
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref29
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref30
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref30
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref30
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref30
http://refhub.elsevier.com/S0002-9297(19)30006-0/sref30


31. Hadchouel, A., Wieland, T., Griese, M., Baruffini, E., Lorenz-

Depiereux, B., Enaud, L., Graf, E., Dubus, J.C., Halioui-Louhai-

chi, S., Coulomb, A., et al. (2015). Biallelic mutations of

methionyl-tRNA synthetase cause a specific type of pulmo-

nary alveolar proteinosis prevalent on Réunion Island. Am.
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