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Abstract

Aminoacyl-tRNA synthetases (ARSs) are critical for protein translation. Pathogenic variants of ARSs have been previously
associated with peripheral neuropathy and multisystem disease in heterozygotes and homozygotes, respectively. We report
seven related children homozygous for a novel mutation in tyrosyl-tRNA synthetase (YARS, c.499C > A, p.Pro167Thr)
identified by whole exome sequencing. This variant lies within a highly conserved interface required for protein
homodimerization, an essential step in YARS catalytic function. Affected children expressed a more severe phenotype than
previously reported, including poor growth, developmental delay, brain dysmyelination, sensorineural hearing loss,
nystagmus, progressive cholestatic liver disease, pancreatic insufficiency, hypoglycemia, anemia, intermittent proteinuria,
recurrent bloodstream infections and chronic pulmonary disease. Related adults heterozygous for YARS p.Pro167Thr showed
no evidence of peripheral neuropathy on electromyography, in contrast to previous reports for other YARS variants. Analysis
of YARS p.Pro167Thr in yeast complementation assays revealed a loss-of-function, hypomorphic allele that significantly
impaired growth. Recombinant YARS p.Pro167Thr demonstrated normal subcellular localization, but greatly diminished
ability to homodimerize in human embryonic kidney cells. This work adds to a rapidly growing body of research
emphasizing the importance of ARSs in multisystem disease and significantly expands the allelic and clinical heterogeneity
of YARS-associated human disease. A deeper understanding of the role of YARS in human disease may inspire innovative
therapies and improve care of affected patients.

Introduction
Translation of the genetic code to protein is essential for cell
survival in all known organisms. A group of enzymes called
aminoacyl-transfer ribonucleic acid (tRNA) synthetases (ARSs)
catalyze the covalent attachment of each amino acid to its
corresponding tRNA in a two-step aminoacylation process. An
amino acid and adenosine triphosphate (ATP) first bind to the
ARS, forming an aminoacyl adenylate intermediate. The ARS
then binds the cognate tRNA to facilitate transfer of the amino
acid to form an acyl tRNA (1,2). Acyl tRNAs subsequently transfer
amino acids to growing polypeptide chains and ensure accurate
translation of genetic information. Though best known for their
role in mRNA translation, ARSs are increasingly recognized
to have secondary (‘non-canonical’) roles in transcription
regulation, splicing, immune function, angiogenesis, apoptosis
and cell stress (3,4).

The ARSs are highly conserved across species and ubiq-
uitously expressed among human tissues, underscoring their
critical role in cell function (3). In human cells, most ARSs local-
ize to either the cytoplasm (denoted as ‘ARS’) or mitochondria
(‘ARS2’), but a small number are bifunctional (3,5). The ARSs are
further classified based on structural characteristics of the cat-
alytic domain. Class I ARSs contain a parallel β-sheet nucleotide-
binding (Rossmann) fold, whereas Class II ARSs share a series
of homologous amino acid sequences designated motifs 1, 2
and 3 (3).

ARSs were first linked to human disease in 2003, when het-
erozygosity for variants in glycyl-tRNA synthetase (GARS) was
found in subjects with Charcot–Marie–Tooth (CMT) disease type
2D (MIM 601472) and distal spinal muscular atrophy type V (MIM
600794) (6). Subsequent reports described heterozygosity for mis-
sense and in-frame deletions in other ARSs genes, including
tyrosyl-tRNA synthetase (YARS, MIM 603623), underlying various
forms of CMT (6–9). However, the molecular pathophysiology of
CMT-associated ARS mutations has not been defined (10).

More recently, diseases beyond the peripheral nervous
system have been associated with recessive, loss-of-function
variants in multiple ARS-encoding genes (11–26). Nowaczyk et al.
described two siblings with compound heterozygosity in YARS
catalytic and C-terminal domains and somatic growth failure,
hypertriglyceridemia, developmental delay, liver dysfunction,
lung cysts and abnormal brain white matter (27). Additionally,

homozygosity for mutations just outside the YARS catalytic
domain was described in an adult with retinal degeneration,
hearing impairment, agenesis of the corpus callosum, primary
amenorrhea and liver disease (28). Mutations in mitochondrial
YARS2 have been associated with myopathy, lactic acidosis and
sideroblastic anemia (29–33). While the above case reports raised
interest in the role of YARS mutations in recessive phenotypes,
the lack of a strong genetic argument for pathogenicity and the
differences in patient phenotypes warrant further assessments
of YARS variants in human disease.

Here, we report the natural history of seven related children
from an Amish kindred homozygous for a pathogenic missense
variant in the YARS catalytic domain (c.499C > A, p.Pro167Thr)
identified by whole exome sequencing. Affected children had
multisystem disease including sensorineural hearing loss, nys-
tagmus, developmental delay, growth failure, chronic anemia,
hypoglycemia, progressive cholestatic liver disease and renal
dysfunction. Related adults heterozygous for YARS p.Pro167Thr
had no evidence of peripheral neuropathy. Yeast comple-
mentation assays demonstrate that the YARS p.Pro167Thr
substitution causes reduced gene function and poor growth.
Protein–protein interaction studies in human embryonic kid-
ney cells show that YARS p.Pro167Thr results in reduced dimer-
ization, which is essential for YARS catalytic function (34–37).

Results
Identification of YARS c.499C > A, p.Pro167Thr

The proband presented to the Clinic for Special Children in
January 2014 and family history revealed three deceased
relatives with similar multisystem disease (Fig. 1A). Targeted
allele testing was non-diagnostic for population-specific
genetic conditions with an overlapping phenotype, including
prolidase deficiency [PEPD c.793C > T, (MIM 170100)], pyruvate
kinase deficiency [PKLR c.1436G > A, (MIM 266200)], familial
intrahepatic cholestasis [ATP8B1 c.923G > T, (MIM 211600)]
and Cockayne syndrome type B [ERCC6 IVS14 + 1G > T, (MIM
133540)]. High-resolution chromosomal microarray analysis was
uninformative.

We then proceeded to whole exome sequencing of the
proband and nine related individuals (parents, siblings and
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Figure 1. Pedigree, physical features and growth for YARS c.499C > A, p.Pro167Thr homozygotes. (A) Family pedigree for seven related children homozygous for the novel

YARS variant. Solid shapes represent YARS p.Pro167Thr homozygotes (M/M) described in the current report. Red asterisks denote related YARS p.Pro167Thr heterozygotes

(M/+) who underwent detailed neurologic examination and electrophysiological studies. (B) All children were microcephalic with poor weight gain. Five children had

linear growth below the third percentile for age. For growth curves, shaded areas represent reference ranges for age. Colors represent individual children. (C–E) An

18-month-old girl homozygous for YARS p.Pro167Thr with a long forehead, strabismus, deeply set eyes (C) and small hands (E). (F–H) A five-year-old girl homozygous

for YARS p.Pro167Thr with a long forehead (F), thin hair, low-set ears (G) and digital clubbing (H).

maternal grandparents) and identified homozygous candidate
variants in two genes: YARS (.g.chr1:33272094(G > T); NM
003680.3:c.499C > A; NP 003671.1:p.Pro167Thr) and KDELC1
(.g.chr13:103449267C > T; NM 024089.2:c.275G > A; NP 076994.2:
p.Arg92Gln). The KDELC1 variant was excluded since it did not
segregate appropriately in the extended pedigree and geno-
typing of additional unaffected Amish samples revealed four
homozygotes for the variant. Sanger sequencing and high-
resolution melt analysis confirmed homozygosity of YARS
c.499C > A in the proband, his three deceased relatives and three
additional living children with a concordant clinical phenotype
(Table 1).

YARS c.499C > A, p.Pro167Thr homozygote clinical
phenotype

Early clinical course and physical characteristics. Three affected
infants were born prematurely (27–31 weeks gestation) due to
placental abruption (n = 1) or preterm labor (n = 2) and two
mothers noted decreased fetal movement at the end of gesta-
tion. Placental abnormalities were noted for five (71%) infants
and included thin umbilical cord (n = 1), cystic mass displac-
ing the cord (n = 1), ‘dried grapes’ appearance with histology
showing multiple infarcts (n = 1) and irregularly shaped pla-

centa with friable maternal side and fatty deposits on the infant
side (n = 2).

Four (57%) infants had intrauterine growth restriction (0.2–9.7
percentile). Postnatal weight and head circumference remained
below the third percentile for all children and length was below
third percentile for all but one (Fig. 1B). Fortified formulas, ele-
mental formulas and supplemental oils were used for enteral
feeding. All children used nasogastric or gastrostomy tubes for
nutritional support and two received chronic parenteral nutri-
tion via central line. Affected infants had deep-set eyes but no
other distinctive facial characteristics during infancy and early
childhood (Fig. 1C–E). The oldest living child (5 years of age)
has a long forehead, thin hair, low-set ears and digital clubbing
(Fig. 1F–H).

Development and central nervous system. Development was de-
layed to variable degrees in all children. The four deceased chil-
dren died between age 10 and 25 months, and only one was able
to sit independently (age 20 months). All cooed but none babbled.
The two youngest living children are 18 and 20 months old.
Both children roll and the 18-month-old child sits with minimal
support of the thighs and crawls. Both children bring hands to
face, transfer objects between hands, coo and smile. The oldest
living child sat at age 2 years and walked independently by age
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Table 1. Clinical phenotype

Number of patients
Clinical finding N %

Birth history
Premature birth 3 43
Placental abnormalities 5 71

Physical characteristics
Deep-set eyes 7 100

Central nervous system
Microcephaly 7 100
Bilateral sensorineural hearing loss 7 100
Nystagmus 6 86
Gross motor delay 7 100
Expressive language delay 7 100

Cardiopulmonary
Chronic pulmonary disease 2 29
Ventricular septal defect 1 14

Gastrointestinal
Poor growth 7 100
Nasogastric or gastrostomy feedings 7 100
Cholestatic liver disease 7 100
Pancreatic insufficiency 7 100

Hematology
Transfusion dependent anemia 3 43

Renal
Intermittent proteinuria +/−

hematuria
4 57

Endocrine
Severe hypoglycemia 5 71

Infectious disease
Frequent bloodstream infections 3 43

Summary of clinical findings in seven YARS c.499C > A, p.Pro167Thr homozy-
gotes.

4 years. At age 5 years, she uses >30 signs, speaks in short
sentences using >100 words and is learning letters and numbers.

Three children had brain magnetic resonance imaging (MRI)
between 6 and 19 months of age. All images showed dysmyeli-
nation, though subtle in the eldest child. Diffusion-weighted
mapping at age 6 months showed restricted diffusion along the
white matter of the temporal, occipital and parietal lobes and
central tegmental tracts, abnormal T2 hyperintensity involving
the optic nerves, tegmental tracts and superior cerebellar pedun-
cles and absent myelination of the splenium of the corpus cal-
losum (Fig. 2A and B). Susceptibility-weighted imaging showed
no evidence of calcification or hemorrhage. Magnetic resonance
spectroscopy was qualitatively normal.

An autopsy for one child who died at 10 months of age from
liver cirrhosis showed grossly normal brain morphology, but
microscopic evidence of chronic cortical neuronal loss, gliosis
and diffuse vacuolar changes in both gray and white matter
(Fig. 2C).

One child suffered an anoxic brain injury (age 7 months)
in the setting of gastroenteritis, dehydration and severe
coagulopathy. Seizures developed following this event and
electroencephalogram (EEG) showed diffuse encephalopathy.
Computerized tomography initially showed loss of gray and
white matter density suggestive of hypoperfusion and subse-
quent imaging showed frontal lobe infarcts and diffuse neuronal
injury. None of the six remaining children had seizures but two
had EEGs with slow electrical background.

Hearing and vision. All children had bilateral sensorineural
hearing loss, congenital for the one child who was screened as

a newborn. One affected child had a cochlear implant at 2 years
of age with marked improvement in hearing and language
development.

Six (86%) children had intermittent and variable nystagmus,
usually detected during infancy (n = 5). One child had visual
impairment (presumed to be cortical) and wore corrective lenses
by age 1 year. Various abnormalities were noted on ophthalmol-
ogy examination, including underdeveloped retinal vasculature,
optic nerve pallor, absent foveal light reflex (n = 1, age 8 months)
and fine and scattered retinal pigment (n = 1, age 21 months).
Another child (age 8 months) had bilateral optic nerve hypopla-
sia, blond fundus and peripheral pigmentary changes. Repeat
exam at age 5 years showed retinal dystrophy, peripheral vas-
culopathy with exudation, diffuse pigmentary changes and sub-
retinal hemorrhages in a temporal distribution.

Gastroenterology and hepatology. All children had exocrine pan-
creatic insufficiency and required oral enzyme replacement.
Four (57%) children were treated with gastric motility agents
due to persistent vomiting or slowed gastric emptying, five (71%)
were diagnosed with gastroesophageal reflux and two (29%)
underwent Nissen fundoplication.

All children had chronic cholestatic liver disease detected by
age 9 months, but with variable severity. Conjugated hyperbiliru-
binemia normalized for one child by age 36 months. Children
had chronically elevated prothrombin time and occasionally
became clinically coagulopathic. Hypoalbuminemia was present
in all children and two (29%) required albumin infusions to
manage ascites. Alanine aminotransferase (ALT) was modestly
elevated in all children, but normalized by age 36 months for
one. Gamma-glutamyl transferase (GGT) remained elevated for
all patients. Ammonia levels were variable but often elevated
(Fig. 3A and B).

Hepatobiliary scintigraphy of two children showed cholesta-
sis but no evidence of biliary atresia. Five (71%) children had
liver biopsies. The earliest biopsies collected at 10 weeks and
3 months of age showed micro- and macrovesicular hepatic
steatosis without fibrosis. Repeat biopsy at 18 months of age
showed disrupted liver architecture, bridging fibrosis and nodule
formation. Electron microscopy from a specimen collected at
10 weeks of age demonstrated poorly defined cristae within
mitochondria (Fig. 3C–E). Liver biopsies collected at 8–18 months
of age for three additional children consistently showed micro-
and macrovesicular steatosis, cholestasis and fibrosis (images
not shown). Inflammatory infiltrates [lymphocytes (n = 2) and
neutrophils and eosinophils (n = 1)] were noted for three chil-
dren. Autopsy findings from a child who died at 10 months of
age revealed the above findings as well as regenerating nodules
consistent with cirrhosis.

Five children had persistent hypoglycemia treated with con-
tinuous feeds, IV dextrose, TPN or enteral dextrose (15–20%). One
of these children underwent a diagnostic fast at 8 months of
age. Prior to fasting, the child was receiving continuous, forti-
fied (27 kcal/oz) enteral feedings and IV dextrose at a glucose
infusion rate of 1.7 mg/kg/min. One hour after fasting, two
consecutive serum glucose levels were <50 mg/dL. Critical labo-
ratories were inconclusive, showing hypoketosis, undetectable
insulin, normal C-peptide and absent response to glucagon.
The patient did, however, respond to glucagon during the fed
state.

Hematology. Three children had chronic, transfusion-dependent
anemia; two were treated with erythropoietin. One child was
initially found to have minimal reticulocytes in the setting
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Figure 2. Brain imaging and histology for YARS c.499C > A, p.Pro167Thr homozygotes. (A) Brain MRI at 6 months of age with multiple areas of dysmyelination.

Axial diffusion weighted imaging (bottom) and apparent diffusion coefficient (ADC) mapping (top) with restricted diffusion along the white matter of the temporal,

occipital and parietal lobes (green arrows), medial temporal lobe (blue arrows) and central tegmental tracts (purple arrows). (B) Abnormal T2 hyperintensity of the optic

nerves (white arrow), tegmental tracts (orange arrow) and superior cerebellar peduncles (red arrow) and absent myelination of the corpus callosum (yellow arrow).

(C) Hematoxylin and eosin staining of brain biopsy with diffuse vacuolar changes in the gray matter neurons (black arrow) and neurofilament (pink arrow).

Figure 3. Chronic liver disease in YARS c.499C > A, p.Pro167Thr homozygotes. (A and B) Affected children had chronic direct hyperbilirubinemia, coagulopathy and

hypoalbuminemia accompanied by modest elevations in ALT, GGT and ammonia. (C) Trichrome staining of liver biopsy for child (age 3 months) initially revealed diffuse

micro- and macrovesicular steatosis but no evidence of fibrosis. (D) Repeat biopsy (age 18 months) showed disrupted liver architecture, bridging fibrosis and nodule

formation. (E) Electron microscopy showed poorly defined cristae within the mitochondria (white arrows). Blue arrows identify normal-appearing mitochondria. For

laboratory values, colors represent individual children. Shaded areas reflect laboratory reference ranges.

of anemia. Reticulocyte counts increased over time without
erythropoietin treatment, yet anemia persisted without evi-
dence of hemolysis or blood loss. Erythrocyte indices initially
showed normal mean corpuscular volume (MCV) which in-
creased to macrocytic range over time, and red cell distribution
width (RDW) was chronically elevated (Fig. 4A and B). Blood

smears commonly revealed abnormal erythrocyte morphology
including target cells, central pallor and teardrop cells (Fig. 4C).

Bone marrow biopsy from one child (age 3 months)
showed normal trilineage hematopoiesis but increased myeloid
to erythroid ratio and a paucity of erythroid precursors
(Fig. 4D). Bone marrow biopsy from another child was initially
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Figure 4. Chronic anemia in YARS c.499C > A, p.Pro167Thr homozygotes. (A) Anemia was noted on presentation (age 5 weeks) for one child and required multiple blood

transfusions (red triangles) throughout life. Reticulocyte count was initially low in the setting of anemia, then increased robustly without the use of erythropoietin.

(B) MCV was initially low, then increased to macrocytic range around 8 months of age. RDW remained chronically elevated. (C) Blood smear at age 9 months shows

abnormal erythrocyte morphology, including central pallor (white arrow), target cells (red arrow) and tear drop cells (black arrow). (D) Bone marrow biopsy at age

3 months with normocellular bone marrow and trilineage hematopoeiesis, but increased myeloid to erythroid ratio with a paucity of erythroid precursors. For laboratory

studies, shaded regions represent reference ranges.

unremarkable (age 2 months), but when repeated at age
8 months, while being treated with erythropoietin, showed
prominent erythroid precursors, increased megakaryocytes,
numerous focal macrophages, focal increases in iron and
an abnormal population of foamy histiocytes (images not
available).

Nephrology. All children had normal serum electrolytes and
creatinine levels. One child had a horseshoe-shaped kidney and
transient hydronephrosis. Intermittent proteinuria was noted
between 2 and 22 months of age for four (57%) children, two of
whom also had hematuria.

Kidney light and electron microscopy from one child with
hematuria and proteinuria (age 2.5 months) was normal and
immunostaining was negative for IgG, IgM, IgA, C3, C1q and albu-
min. Light microscopy from another child (age 8 months) with
proteinuria was also normal, but electron microscopy showed
effacement of epithelial foot processes occupying less than 50%
of glomerular surface area as well as splitting of the glomerular
basement membrane in a small number of the capillary loops
(images not available). Renal MRI for a child with proteinuria and
hematuria (age 23 months) showed decreased corticomedullary
differentiation and heterogeneous cortical hyperintensity but
normal enhancement, consistent with a chronic inflammatory
process.

Infectious disease and immunology. Three children had multiple
infections beginning in early infancy, including bacteremia (e.g.
group B streptococcus, Staphylococcus aureus, Escherichia coli, Klebsie-
lla pneumonia and Candida parapsilosis), chronic cytomegalovirus
infection, enterovirus meningitis, spontaneous bacterial peri-
tonitis (Ralstonia pickettii) and bacterial pneumonia. Two children
had indwelling central lines removed due to recurrent blood-
stream infections. No child had leukopenia or other laboratory
markers of immune deficiency. Immunoglobulins A, G and M
(n = 2), flow cytometry (n = 1), lymphocyte enumeration panel
(n = 1) and post-vaccine titers (n = 1) were normal.

Cardiopulmonary. Three children had evidence of chronic lung
disease despite term delivery. Chest radiographs showed diffuse
interstitial prominence by 8–12 months of age. One child was
treated with inhaled glucocorticoids.

One child had a ventricular septal defect. No other structural
defects or cardiac issues were noted for remaining children. One
child had triglyceride levels measured and were normal.

Morbidity and mortality. Four children died between age 10 and
25 months due to end-stage liver disease, complicated by fungal
sepsis for one and S. aureus sepsis for the other. Three children
are living at the time of manuscript preparation.

YARS c.499C > A, p.Pro167Thr heterozygote clinical
findings

All (n = 3, ages 33 to 66 years) adults had normal cranial nerve
testing and musculature of the neck, shoulders, arms and legs.
None of the adults had evidence of diffuse sensorimotor periph-
eral neuropathy on electromyography. All had evidence of carpel
tunnel syndrome (n = 3), cubital tunnel syndrome (n = 1) or
lumbrosacral radiculopathy (n = 3), thought to be related to age
rather than genotype.

YARS p.Pro167Thr is a loss-of-function allele in yeast
complementation assays

Yeast complementation assays have been previously employed
to study the functional consequences of disease-associated
ARS mutations (2) including mutations identified in tyrosyl-
tRNA synthetase (YARS) (38,39). To determine the functional
consequences of YARS p.Pro167Thr, we modeled this mutation in
the yeast ortholog of YARS (TYS1) and evaluated the ability of this
allele to support yeast cell growth in vivo. Briefly, a haploid yeast
strain deleted for the endogenous TYS1 locus—and harboring
a maintenance vector with a URA3 gene and a wild-type copy
of TYS1—was transfected with a pRS315 experimental vector
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containing the LEU2 gene and (1) no TYS1 insert (‘Empty’
in Fig. 5); (2) wild-type TYS1; (3) TYS1 p.Pro167Thr; (4) TYS1
p.Gly41Arg (a previously reported and disease-associated null
allele) (39); or (5) TYS1 p.Glu196Gln (a previously reported and
disease-associated hypomorphic allele) (38). Resulting colonies
were grown on solid or liquid media containing 5-fluoroorotic
acid (5-FOA) to select for spontaneous loss of the maintenance
vector (40). Subsequently, yeast strains were visually inspected
or subjected to growth curve analysis to assess viability. Wild-
type TYS1 supported robust cellular growth and the vector with
no TYS1 insert did not support any cellular growth (Fig. 5A).
These data confirm that the experimental vector harbors a
functional wild-type copy of TYS1 and that TYS1 is an essential
gene. Furthermore, TYS1 p.Gly41Arg did not support any cellular
growth and TYS1 p.Glu196Gln supported severely reduced
cellular growth (Fig. 5A). These findings indicate that TYS1
p.Gly41Arg is a functional null allele and that TYS1 p.Glu196Gln is
a hypomorphic allele, as previously reported (38,39). Finally, TYS1
p.Pro167Thr supported severely reduced cellular growth (Fig. 5A)
in a manner similar to TYS1 p.Glu196Gln, indicating that YARS
p.Pro167Thr is a loss-of-function, hypomorphic allele, consistent
with the recessive phenotype of the patients described here.

To quantify the difference in yeast cell growth between wild-
type and TYS1 p.Pro167Thr, we performed growth curve analysis
of the above yeast strains in liquid media containing 5-FOA.
Yeast carrying the TYS1 p.Gly41Arg allele or an empty vector
were unable to grow in liquid 5-FOA media (Fig. 5B), as predicted
based on the growth on solid media containing 5-FOA (Fig. 5A).
Wild-type TYS1 expressing yeast entered mid log phase growth
at ∼90 h and, in contrast, TYS1 p.Pro167Thr expressing yeast had
a 15-h lag before reaching mid-log phase growth (Fig. 5B). This is
consistent with the slower growth observed for TYS1 p.Pro167Thr
yeast on solid 5-FOA media; TYS1 p.Glu196Gln was excluded
from growth curve analysis to simplify the figure. All of the above
yeast strains grew similarly in liquid media lacking uracil and
leucine, and not containing 5-FOA (data not shown). Together,
our functional studies in yeast indicate that YARS p.Pro167Thr is
a loss-of-function, hypomorphic allele.

YARS p.Pro167Thr impairs homodimerization

From prokaryotes to humans, YARS is only catalytically active as
a homodimer in which the paired N-terminal catalytic domains
undergo a conformational change at the dimer interface
required for amino acid activation (Tyr-AMP) (34–36). Monomeric
native human YARS is incapable of catalyzing aminoacylation
(35). The YARS p.Pro167Thr substitution occurs in the highly
conserved dimer interface adjacent to several amino acid
residues that stabilize the homodimer (Fig. 6A). We hypothesized
that substitution of a polar Thr167 for the non-polar Pro167

destabilizes the YARS homodimeric structure required for amino
acid activation and aminoacylation (34–36).

YARS-FLAG wt and p.Pro167Thr variants localized to the
cytosol identically in HEK-293T (human embryonic kidney), SH-
SY5Y (human neuroblast) and Neuro2a (mouse neuroblast) cells,
suggesting that subcellular localization of YARS is unaffected by
the p.Pro167Thr substitution. Data from HEK-293 T alone are
presented for simplicity (Fig. 6B and C). Immunoprecipitation
of YARS-FLAG wt co-precipitated abundant YARS-V5 wt from
HEK-293 T cells co-overexpressing the two constructs. However,
the abundances of YARS-V5 p.Pro167Thr co-precipitated by
YARS-FLAG wt and YARS-V5 wt co-precipitated by YARS-FLAG
p.Pro167Thr were reduced 5-fold. Co-precipitation of YARS-V5
p.Pro167Thr by YARS-FLAG p.Pro167Thr was reduced 10-fold

Figure 5. YARS p.Pro167Thr results in a loss-of-function in yeast complemen-

tation assays. Yeast lacking endogenous TYS1 (the yeast ortholog of YARS) and

harboring a maintenance vector containing wild-type (Wt) TYS1 and URA3 were

transformed with an experimental vector containing LEU2 and Wt TYS1, TYS1

p.Gly41Arg (a known null allele), TYS1 p.Glu196Gln (a known hypomorphic allele),

TYS1 p.Pro167Thr (in triplicate; A, B, and C) or a vector with no TYS1 insert

(‘Empty’). (A) All yeast lines grew on solid media deficient in leucine and uracil

(lower panel), confirming proper uptake of both vectors. Adding 5-FOA to select

against the URA3-containing maintenance vector allowed an assessment of

growth supported by the experimental vector alone (upper panel). Wt TYS1 (‘Wt’)

supported robust cellular growth while the vector with no TYS1 insert (‘Empty’)

did not support any cellular growth. TYS1 p.Gly41Arg did not support any cel-

lular growth and TYS1 p.Glu196Gln supported severely reduced cellular growth,

consistent with previous assessments of these alleles. In a manner similar to

TYS1 p.Glu196Gln, TYS1 p.Pro167Thr supported severely reduced cellular growth.

(B) Yeast carrying the TYS1 p.Gly41Arg allele or an empty vector was unable

to grow in liquid 5-FOA media. Note the 15-h lag between mid-log phase of

wild-type and TYS1 p.Pro167Thr expressing yeast. Error bars represent standard

deviations of the average OD600 of three biological replicates for each strain.

TSY1 p.Glu196Gln was excluded from growth curve analysis to simplify the

figure.

(Fig. 6D and E). These results are consistent with a reduced
quaternary structure quality estimate (QSQE) score, a measure
of protein oligomerization, for YARS p.Pro167Thr versus YARS
wt in protein structural modeling (Fig. 7).
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Figure 6. Substitution of threonine for proline impairs YARS homodimerization. (A) Schematic of the functional domains of human TyrRS (35,52). YARS c.499C > A

causes a substitution of Thr for Pro at amino acid position 167, within the Rossmann fold necessary for YARS homodimerization. Neighboring amino acids 159–161 of

connective polypeptide 1 (CP1) (Pro, Leu, Leu, − PLL; yellow highlight) are critical for dimer formation (35), and the amino acids highlighted in green are highly conserved

members of the dimer interface. Recognition of tRNA-Tyr occurs at the anticodon binding domain, and the C-terminus is homologous to the proinflammatory cytokine

endothelial-monocyte-activating polypeptide II (EMAP II) (41,42,53). (B and C) Recombinant YARS-FLAG p.Pro167Thr overexpressed in HEK-293 T cells (C) localizes to

the cytosol in a manner indistinguishable from that of TyrRS-FLAG wild-type (wt) (B) (n = 3). Scale bar in (C) = 10 μm. Green fluorescence: anti-FLAG immunoreactivity;

blue fluorescence: DAPI. (D and E) Human YARS-FLAG wt and p.Pro167Thr constructs were co-overexpressed with human YARS-V5 wt and p.Pro167Thr constructs in

HEK-293 T cells (as indicated). YARS-FLAG proteins were immunoprecipitated (IP) from whole cell lysates (input) (n = 5). YARS-FLAG wt co-precipitated YARS-V5 wt

abundantly [normalized to 1 in the immunoblotted (IB) protein band optical densities displayed in E]. Co-precipitation of YARS-V5 p.Pro167Thr by YARS-FLAG wt and

YARS-V5 wt by YARS-FLAG p.Pro167Thr were reduced roughly 5-fold. Co-precipitation of YARS-V5 p.Pro167Thr by YARS-FLAG p.Pro167Thr was reduced 10-fold. wt: wild

type; m: YARS c.499C > A, p.Pro167Thr mutant; empty: ‘empty vector’ encoding the FLAG epitope tag peptide sequence followed by a stop codon. IB protein band optical

density (E) was measured from three replicates of the co-immunoprecipitation data shown in D. Error bars represent one standard deviation.

Discussion

Clinical phenotype

ARSs are critical for protein translation and variants in these
enzymes are increasingly recognized in association with
multisystem disease (10). Biallelic YARS variants (one in the
catalytic domain, the other in the C-terminal domain) were
recently reported to cause developmental delay, hypertriglyc-
eridemia, liver disease, cystic lung lesions, thinning of the
corpus callosum and cystic changes in the periventricular white
matter in two living siblings (27). Likewise, retinal degeneration,
hearing impairment, agenesis of the corpus callosum, primary

amenorrhea and liver disease were attributed to homozygous
variants just outside of YARS catalytic domain in an adult case
report (28). In contrast, the seven related children from the
currently described cohort share homozygosity for mutations
in the catalytic domain of YARS. The children described here
share some of the phenotypic features with the children in the
prior reports (e.g. deep-set eyes, developmental delay, visual
impairment poor growth and liver disease) but also broaden
the phenotypic spectrum to include disease manifestations
in the auditory, hematologic and renal systems. To the best of
the authors’ knowledge, this is the first report of ARS variants
causing pancreatic dysfunction.
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Figure 7. Protein structural modeling of the YARS p.Pro167Thr substitution. (A) Structural models for YARS wt (Uniprot P54577) (left) and YARS p.Pro167Thr (right)

generated using SWISS-MODEL/ProMod3 v1.1.0 (54–58) based on template PDB 5thl.1.A (best fit from 72 templates; GMQE = 0.7; identity = 99.73). In both cases, YARS is

displayed as a homodimer. The models assume homozygosity for YARS wt (left) and YARS p.Pro167Thr (right). Homodimerization is preserved in the YARS Pro167Thr

model, but with a 3.1% reduction of the QSQE oligomerization score (from 0.65 for wt to 0.63 for Pro167Thr). (B–E) Models in B–E are displayed as monomers for greater

resolution. ‘Overlay’ (center) highlights differences between the models. Proline 167 (Pro167) is situated within the Rossmann fold necessary for YARS homodimerization.

Neighboring amino acids of CP1 (Pro159, Leu160, Leu161; blue labels) are important for dimer formation, although C-terminal amino acids also stabilize the dimer (59).

Amino acids labeled in green are highly conserved members of the dimer interface (34). The YARS Pro167Thr substitution induces reorganization of amino acids 119–123

(Lys-Gly-Thr-Asp-Tyr) (purple box in B and asterisk (∗) near Thr121 in C–E) which normally folds as a small beta-sheet/alpha-helix/turn motif in close proximity to the

dimer interface and tyrosine (Tyr) binding pocket. Tyrosine166 (Tyr166), adjacent to Pro167 and the helix formed by amino acids 120–122, is one of five amino acids in

this region that coordinate Tyr binding (60). (C–E) Rotations of the model from the perspectives of amino acids Tyr166 (C), Leu160 (D) and Leu 169 (E) demonstrating the

impact of the p.Pro167Leu substitution on local structure within the dimer interface and tyrosine (Tyr) binding pocket.

Even among YARS p.Pro167Thr homozygotes, we observed
significant phenotypic heterogeneity. Developmental outcomes
and lifespan were limited for the four deceased patients, possibly
related to the severity of liver disease and significant disease
burden in other organ systems. However, the eldest patient (age
5 years) walks independently and speaks in short sentences.
The extent of hematologic disease was also variable, with three
children requiring transfusions repeatedly while the remaining
four required them only rarely. Likewise, four (57%) children
had significant proteinuria and/or hematuria. Such variability in

clinical outcomes may represent part of a phenotypic spectrum
associated with the YARS p.Pro167Thr variant or the influence of
modifier genes not yet identified.

In addition to its canonical aminoacylation activity, YARS
can be secreted from the cell and cleaved into an N-terminal
fragment (YARSmini) and a C-terminal EMAP II-like domain
(Fig. 6A), both of which act as cytokines (41). YARSmini retains its
aminoacylation activity as a homodimer, but upon dissociation
into monomers acts as an interleukin-8-like cytokine to
stimulate polymorphonuclear leukocyte migration (35,41,42).
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The C-terminal EMAP II-like domain has strong chemotactic
activity for leukocytes and monocytes and triggers production of
tumor necrosis factor-α, myeloperoxidase and tissue factor (41).
The EMAP II-like domain cytokine activity should be unaffected
by the p.Pro167Thr substitution. However, catalytically active
dimeric wild-type YARSmini antagonizes leukocyte migration
whereas monomeric YARSmini promotes leukocyte migration
(35). Thus, any shift in monomer:dimer equilibrium that results
from altered dimerization of YARS p.Pro167Thr could result in
dysregulation of the cytokine function of YARSmini. In support
of this hypothesis, YARS c.499C > A, p.Pro167Thr homozygotes
have evidence of inflammation in brain tissue, chest radiograph,
liver biopsy and renal MRI, suggesting immune dysregulation
may play a role in the underlying disease pathophysiology.

Cellular studies

Yeast complementation assays have been previously employed
to study the functional consequences of disease-associated ARS
mutations, including mutations identified in YARS (2), (38,39).
To determine the functional consequences of YARS p.Pro167Thr,
we modeled this mutation in TYS1, the yeast ortholog of YARS
and evaluated the ability of this allele to support yeast cell
growth in vivo. In the current report, the p.Pro167Thr substitution
causes dramatically reduced, but not ablated, yeast cell growth,
indicating that this is a hypomorphic allele.

YARS is only catalytically active as a homodimer. Paired N-
terminal catalytic domains undergo a conformational change
at their interface, required for amino acid activation whereas
wild-type monomeric human YARS is incapable of catalyzing
aminoacylation (34–37). Conservation of Pro167 over eukaryotic
evolution and its position within a series of highly conserved
amino acid residues that stabilize the dimer interface suggest
that Pro167 may be important for YARS homodimer formation
(34–36). Likewise, our studies in human embryonic kidney cells
demonstrate that substitution of polar threonine for non-polar
proline does not impact cellular localization to the cytoplasm,
but greatly impairs YARS homodimerization and presumably
its aminoacylation activity. Impaired YARS p.Pro167Thr homod-
imerization is further supported by a decreased QSQE score in
protein structural modeling relative to YARS wt (Fig. 7).

Taken together, our functional data suggest that YARS
p.Pro167Thr is a hypomorphic allele that reduces but does not
eliminate YARS function. Individuals homozygous for YARS
c.499C > A, p.Pro167Thr may suffer substantially impaired
YARS aminoacylation activity and as a result, significantly
reduced incorporation of tyrosine into protein. Impaired
protein synthesis, especially for an amino acid residue subject
to extensive post-translational modification (e.g. tyrosine
phosphorylation in growth factor/morphogen receptor tyrosine
kinase signaling) (43–45), during development is consistent with
the multisystem impact and growth impairment associated
with homozygosity for YARS c.499C > A, p.Pro167Thr. Our
findings may also have implications for defining the molecular
mechanisms of neuropathy-associated YARS variants (39). None
of the heterozygous individuals studied showed evidence of
neuropathy; however, age of onset and decreased penetrance
may complicate interpretations of our clinical evaluations.

Interestingly, while neomorphic functions have been
observed for certain neuropathy-associated ARS alleles in a
Drosophila model (46), the lack of a neuropathy phenotype
may be due to the reduced dimerization of YARS p.Pro167Thr,
which would reduce the proposed dominant-negative effect of
neuropathy-associated YARS mutations.

Therapeutic implications

As the number and complexity of ARSopathies continue to grow,
so does the need for more effective therapies. For the children
in this cohort, medical treatment has been limited to support-
ive therapies (refractive lenses, hearing aids/cochlear implants,
pancreatic enzyme and nutritional supplements, blood transfu-
sions, albumin infusions and therapy services). Although these
interventions may promote survival and improve quality of life,
they do not alter the underlying disease process.

There is limited evidence that supplementing the cognate
amino acid rescues growth in yeast with impaired MARS and
VARS2 activity (47,48). Currently, it is unknown if enteral amino
acid supplementation in a patient with impaired ARS function
will achieve a measurable impact on enzyme activity or prevent/
reverse disease manifestations. Our in vitro evidence of impaired
YARS homodimerization suggests that the enzyme may remain
inactive even in the presence of excess tyrosine, casting doubt
on the utility of oral amino acid supplementation, but this
hypothesis remains to be tested.

Among YARS p.Pro167Thr homozygotes, cholestatic liver dis-
ease appears to be the most severe and life-threatening disease
manifestation. This raises the question of whether liver trans-
plant would be an appropriate therapeutic approach for this par-
ticular disease. Although liver transplant might restore normal
liver function, it would not necessarily alter disease progression
in other organ systems. If the underlying disease mechanism in
the currently described YARS variant involves immune dysreg-
ulation, liver disease could recur in the transplanted liver over
time. Moving forward, efforts to achieve a deeper understanding
of the molecular mechanisms of disease in patients with ARS
mutations could shed light on how to better organize their care.

Materials and Methods
Subjects

We reviewed medical records of seven related children (ages
5 months to 5 years) homozygous for YARS c.499C > A,
p.Pro167Thr. Three related adults heterozygous for this vari-
ant (two mothers and one grandfather/uncle, ages 33 to
66 years) underwent detailed neurologic examination and
electrophysiological studies. Children homozygous for YARS
c.499C > A did not undergo detailed neurologic examinations
or electrophysiological studies. The Institutional Review Board
of Lancaster General Hospital (Lancaster, PA) approved the study
and adults consented in writing to participate on behalf of
themselves or their affected children.

Whole exome sequencing and variant analysis

We performed whole exome sequencing for the affected male
proband, four unaffected female siblings, both unaffected
parents and unaffected maternal grandparents. Genomic DNA
was extracted from peripheral blood samples and submitted for
whole exome sequencing and variant analysis in collaboration
with the Regeneron Genetics Center (Tarrytown, NY) as prev-
iously described (49).

Yeast complementation assays and growth curves

Yeast complementation assays to study YARS variants were
performed as previously described (38). Briefly, the QuickChange
II XL Site-Directed Mutagenesis Kit (Stratagene, San Diego, CA)
was used to generate the TYS1 p.Pro167Thr mutation in yeast.
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Gateway cloning technology (Invitrogen, Carlsbad, CA) was
employed to clone the open-reading frame into a LEU2-
bearing pRS315 vector. The wild-type, TYS1 p.Gly41Arg and
TYS1 p.Glu196Gln expression constructs and the �TYS1 haploid
yeast strain were created as previously described (38). Resulting
constructs were purified and sequenced to confirm mutagenesis
and exclude PCR-induced errors.

The haploid �TYS1 strain, which harbors a maintenance vec-
tor to express wild-type TYS1 and URA3, was transformed with
a LEU2-bearing pRS315 vector containing either no TYS1 insert
(‘Empty’) or the appropriate wild-type or mutant TYS1 locus,
and selected on medium lacking uracil and leucine (Teknova,
Hollister, CA). Three independent TYS1 p.Pro167Thr pRS315 plas-
mid preparations were transformed and two colonies from each
transformation were selected for additional analyses. Selected
colonies were grown to saturation for 2 days at 37◦C in liquid
media lacking uracil and leucine. A 10-μL aliquot of each culture
was spotted undiluted, or diluted 1:10 or 1:100 in H2O on plates
containing 0.1% 5-FOA (Teknova, Hollister, CA) or medium lack-
ing uracil and leucine and incubated at 30◦C for 72 h (40). Cellular
growth was determined by visual inspection. Growth curve anal-
ysis was performed in duplicate under similar conditions using
liquid growth medium.

Immunofluorescence microscopy and
immunoprecipitation assays

Full-length human YARS coding cDNA (GenBank: NM 003680.3)
without the stop codon was amplified by polymerase chain
reaction (PCR) from cDNA reverse transcribed from human
HEK-293T cell mRNA using SuperScript III reverse transcriptase
(Thermo Fisher, Waltham, MA). PCR products were ligated
into pENTR/D-TOPO (Thermo Fisher, Waltham, MA), and
the YARS c.499C > A variant was introduced by site-directed
mutagenesis (QuikChange II, Agilent Technologies, Santa Clara,
CA). LR recombination (LR Clonase II, Thermo Fisher, Waltham,
MA) was used to move YARS cDNA constructs from pENTR clones
into pcDNA3.2/FLAG and pcDNA3.2/V5 mammalian expression
plasmids to encode YARS-fusion proteins with C-terminal
FLAG and V5 epitope tags, respectively. C-terminal epitope-
tagged YARS WT retains its canonical aminoacylation activity
upon dimerization (50). All clones were verified with Sanger
sequencing.

HEK-293T, SH-SY5Y and Neuro2a cells were purchased from
the American Type Culture Collection. SH-SY5Y cells were cul-
tured in DMEM:F12 with 10% fetal bovine serum (FBS); HEK-
293 T and Neuro2a were cultured in DMEM with 10% FBS. Cells
were transfected with FuGENE 6 (Roche, Indianapolis, IN) at a 3:1
FuGENE6:DNA ratio following the manufacturer’s instructions.
All cells were used at low passage and maintained at 37◦C and
5% CO2.

Cells cultured on uncoated German glass coverslips trans-
fected with pcDNA3.2/YARS/FLAG WT or c.499C > A cDNAs
were rinsed with phosphate buffered saline (PBS) and fixed
with 4% paraformaldehyde in PBS at 21◦C for 15 min. Cells
were then prepared for immunofluorescence microscopy and
documented as described previously (17). The primary and
secondary antibodies used were anti-FLAG M2 (Sigma-Aldrich,
St. Louis, MO, 1:1,000) and Alexa-Fluor 488-goat anti-mouse
IgG1 (Thermo Fisher, Waltham, MA, 1:400), respectively. Nuclei
were stained with 1-μg/mL DAPI (Santa Cruz, Dallas, TX),
and coverslips were mounted with Fluoromount-G (Electron
Microscopy Sciences, Hatfield, PA).

Co-immunoprecipitation was performed as described pre-
viously (17,51). Briefly, pcDNA3.2/YARS/FLAG WT or c.499C > A
cDNAs or empty vector were co-transfected with pcDNA3.2/
YARS/V5 WT or c.499C > A cDNAs in HEK-293 T cells for 40–
44 h. Whole cell lysates were clarified by centrifugation (‘input’)
and incubated with anti-FLAG M2 affinity resin (Sigma-Aldrich,
St. Louis, MO) for 2 h with end-over-end mixing at 4◦C. Resin
beads were pelleted and washed 3× in Tris-buffered saline
(pH 7.2) with protease inhibitor cocktail (Roche, Indianapolis,
IN), phosphatase inhibitor (PhosSTOP, Roche, Indianapolis, IN),
1-mm phenylmethylsulfonyl fluoride (PMSF) and 0.5% Tween-20,
before elution with 150 ng/μl 3×-FLAG peptide (Sigma-Aldrich,
St. Louis, MO). Input lysates and eluates were denatured in
sample buffer containing 50-mm dithiothreitol (DTT; Sigma-
Aldrich, St. Louis, MO) for 50 min at 21◦C followed by 10 min
at 70◦C and then immunoblotted with anti-V5 (Thermo Fisher,
Waltham, MA, 1:5,000) antibody. Blots were stripped (Restore
Plus, Thermo Fisher, Waltham, MA) and reprobed with anti-
FLAG M2 antibody (Sigma-Aldrich, St. Louis, MO, 1:1,000). Protein
band optical densities were measured using Image J calibrated
to a Kodak step tablet.
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