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Bi-allelic TARS Mutations Are Associated
with Brittle Hair Phenotype
Arjan F. Theil,1,12 Elena Botta,2,12 Anja Raams,1 Desiree E.C. Smith,3 Marisa I. Mendes,3
Giuseppina Caligiuri,2 Sarah Giachetti,2 Silvia Bione,2 Roberta Carriero,2 Giordano Liberi,2
Luca Zardoni,2 Sigrid M.A. Swagemakers,4 Gajja S. Salomons,3,5 Alain Sarasin,6 Alan Lehmann,7
Peter J. van der Spek,4 Tomoo Ogi,8,9 Jan H.J. Hoeijmakers,1,10,11 Wim Vermeulen,1,*
and Donata Orioli2,*
Brittle and ‘‘tiger-tail’’ hair is the diagnostic hallmark of trichothiodystrophy (TTD), a rare recessive disease associated with a wide spectrum
of clinical features including ichthyosis, intellectual disability, decreased fertility, and short stature. As a result of premature abrogation of
terminal differentiation, the hair is brittle and fragile and contains reduced cysteine content. Hypersensitivity to UV light is found in about
half of individuals with TTD; all of these individuals harbor bi-allelic mutations in components of the basal transcription factor TFIIH, and
these mutations lead to impaired nucleotide excision repair and basal transcription. Different genes have been found to be associated with
non-photosensitive TTD (NPS-TTD); these include MPLKIP (also called TTDN1), GTF2E2 (also called TFIIEb), and RNF113A. However, a relatively large group of these individuals with NPS-TTD have remained genetically uncharacterized. Here we present the identification of an
NPS-TTD-associated gene, threonyl-tRNA synthetase (TARS), found by next-generation sequencing of a group of uncharacterized individuals with NPS-TTD. One individual has compound heterozygous TARS variants, c.826A>G (p.Lys276Glu) and c.1912C>T (p.Arg638*),
whereas a second individual is homozygous for the TARS variant: c.680T>C (p.Leu227Pro). We showed that these variants have a profound
effect on TARS protein stability and enzymatic function. Our results expand the spectrum of genes involved in TTD to include genes implicated in amino acid charging of tRNA, which is required for the last step in gene expression, namely protein translation. We previously
proposed that some of the TTD-specific features derive from subtle transcription defects as a consequence of unstable transcription factors.
We now extend the definition of TTD from a transcription syndrome to a ‘‘gene-expression’’ syndrome.

The multisystem neuroectodermal disease trichothiodystrophy (TTD) is a rare recessive genetic trait whose diagnostic hallmark is brittle hair.1 The sparse and fragile hair
is characterized by its typical ‘‘tiger-tail’’ banding pattern,
which is seen when the hair is examined under a polarized
light microscope; this pattern is associated with low
cysteine content. Individuals with TTD express a wide
and heterogeneous range of additional clinical features
affecting multiple organs and tissues.2 These features
include ichthyosis, brittle nails, impaired intelligence,
decreased fertility, short stature, anemia, and recurrent infections. Approximately 50% of individuals with TTD
exhibit additional clinical and cellular photosensitivity.
All of these photosensitive individuals with TTD (PS-TTD
[MIM: 601675, 606390, 616395]) have bi-allelic mutations
within the excision repair cross-complementation group 2
(ERCC2 also called XPD; MIM: 126340]) gene,3 the excision repair cross-complementation group 3 (ERCC3 also
called XPB; MIM: 133510]) gene,4 or the general transcription factor II H, polypeptide 5 (GTF2H5 also called TTDA;
MIM: 608780]) gene.5–7 These three genes encode for

distinct subunits of the basal transcription factor IIH
(TFIIH). In addition to its essential role in transcription
initiation, TFIIH is also pivotal for nucleotide excision
repair (NER), the sole DNA repair process in mammals
that is able to remove DNA lesions induced by UV light
(which is present in sunlight);8 this explains the photosensitive phenotype. The dual function of TFIIH led to the hypothesis that part of the additional TTD features derive
from tissue-specific impairments of transcription.9–13
Indeed, reduced expression of tissue-specific genes has
been observed in primary cells from individuals with
TTD14,15 as well as in neuronal cells or terminally differentiated keratinocytes derived from an Ercc2 mutant mouse
model that carries a single amino acid missense TTD-specific point mutation.16,17 Importantly, TTD-associated
pathogenic mutations cause severe instability of the
mutant protein itself as well as the entire TFIIH complex
in which they reside, resulting in reduced steady-state protein amounts in subject-derived primary fibroblasts.18–20
In addition, we previously identified a thermo-labile single
amino acid missense mutation in ERCC2 in an individual
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with mild TTD. We found a strong decline in the total
TFIIH amount, repair capacity, and transcription levels
upon culturing subject-derived fibroblasts at slightly
elevated temperatures; this mimics the striking aggravation of TTD-specific features this individual has experienced after episodes of fever.11 These findings further
corroborate the idea that some of the TTD-associated transcription defects are derived from transcription factor
instability. The other half of the TTD-affected individuals
who were studied are non-photosensitive and NERproficient. The non-photosensitive TTD (NPS-TTD
[MIM: 234050, 616943, 300953]) in these individuals is
caused by mutations in MPLKIP (also called TTDN1;
MIM: 609188);21,22 in GTF2E2 (also called TFIIEb; MIM:
189964);23,24 in the only X-linked TTD-associated gene,
RNF113A (OMIM: 300951); 25 or in an as-yet-unidentified
gene or genes.
Strikingly, a strong reduction of the total amount of both
subunits of the transcription initiation factor TFIIE was
observed in primary fibroblasts of GTF2E2-mutated subjects, but this reduction nevertheless did not significantly
affect the overall basal transcription capacity. However,
these mutations caused reduced TFIIH-mediated phosphorylation of the TFIIEa subunit.23 Induced pluripotent
stem cell (iPS) reprogramming of these fibroblasts and subsequent in vitro differentiation into a red blood cell lineage
revealed a hematopoietic defect during late-stage differentiation; this defect is associated with hemoglobin subunit
imbalance, recapitulating the subjects’ anemia.24,26 In
these differentiated cells, fragile TFIIE becomes limited in
its ability to efficiently support transcription of globin
genes. Hemoglobin subunit imbalance is commonly
induced by impaired transcription, thus corroborating
the idea that some of the typical TTD-features are not
only due to altered transcription but may also be further
aggravated by unstable transcription factors. Recently,
the biological function of another NPS-TTD-associated
protein, RNF113A, was identified and shown to be associated with the splicing machinery.27 This observation
seems to broaden the hypothesis that, in addition to transcription initiation impairments, TTD features may also be
caused by mRNA processing alterations. Currently, many
individuals with NPS-TTD are still genetically uncharacterized, so there is potential for expanding the spectrum of
possible TTD-associated genes. Discovering additional
NPS-TTD-associated genes will further increase our understanding of how gene expression defects cause TTD-associated phenotypes.
To identify disease-associated genes and the molecular
basis of NPS-TTD, we performed whole-genome sequencing
(WGS)28,29 and whole-exome sequencing (WES) in a selected
group of 24 unassigned individuals with NPS-TTD. Biological
samples were obtained with appropriate informed consent
and according to the protocols approved by institute-specific
ethical review boards. Sequence data were aligned to the human reference genome and provided as lists of sequence variants (SNPs and short indels) relative to this reference

genome. Analysis of the sequence variants revealed that
two affected individuals were carriers of homozygous or
compound-heterozygous variants within the threonyltRNA synthetase (TARS [MIM: 187790]) gene (GenBank:
NM_152295.4 transcript variant 1 and GenBank:
NP_689508.3). Subject TTD18PV was born in 1990 to nonconsanguineous Italian parents and clinically diagnosed
with TTD in 1992 on the basis of hair analysis, which revealed that hairs from this individual had lower cysteine content (8.5%) than did hairs from healthy donors (20.8%).
Intriguingly, a significantly lower level of the amino acid
threonine (Thr) was also found in this individual’s hair (3%
compared to 6.9% in hair from healthy donors), which was
not observed for any other amino acid (Table S1). The hair
showed fractures (trichoschisis) and the typical, for TTD,
appearance of an alternating light and dark banding pattern
(‘‘tiger tail’’) when analyzed under polarization microscopy.
There were no signs of sun-sensitive skin, but ichthyosis
and follicular keratosis were reported. Additional associated
features were delayed physical development, recurrent infections of the respiratory tract, and acromandibular dysplasia.
No later records exist for this individual. Two allelic TARS variants, c.826A>G (p.Lys276Glu) and c.1912C>T (p.Arg638*)
(GenBank NM_152295.4) were identified in this individual
(Figure 1). Subject TTD5VI was also clinically diagnosed
with TTD based on hair analysis, which revealed an
abnormal structure of the hair shaft both visually and under
the microscope (‘‘tiger-tail’’ banding pattern). She was born
encased in a tight, shiny membrane (’’collodion baby’’) and
had ichthyosis, both commonly associated with TTD.2 Also
for this case, no follow-up clinical report is available. In subject TTD5VI, we identified a homozygous variant within the
TARS gene: c.680T>C (p.Leu227Pro]) (Figure 1) (GenBank:
NM_152295.4). We confirmed the absence of DNA repair
deficiency by assessing the UV-irradiation sensitivity and
the NER capacity; we did this through the use of clonogenic
UV-survival and unscheduled DNA-repair synthesis assays,
respectively (Figure S1). The presence of all three TARS variants was confirmed by Sanger sequencing (Figure 1A). The
missense variant c.826A>G (p.Lys276Glu) is not present in
public databases, and it obtained high pathogenicity scores
in three prediction algorithms (PolyPhen-2 score 0.763 ¼
possibly damaging; Mutation Taster score ¼ disease causing
with p ¼ 0.999; CADD_phred score ¼ 25.7). The nonsense
variant c.1912C>T is reported in the ExAC database but
only in the heterozygous condition (allele frequency ¼
0.00008661). The missense variant c.680T>C (p.Leu227Pro)
in TTD5VI is also not present in public databases, and it obtained high pathogenicity scores in three prediction algorithms (PolyPhen-2 score 0.994 ¼ damaging; Mutation
Taster score ¼ disease causing with p ¼ 1; CADD_phred score
¼ 32). All three variants are thus predicted to be pathogenic
and to produce either a C-terminal truncated TARS protein
(in case of p.Arg638*) or an amino acid substitution in a highly conserved residue (in the cases of p.Leu227Pro and
p.Lys276Glu) (Figure 1B). After identification of the TARS
mutations in TTD18PV and TTD5VI, we performed Sanger
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Figure 1. Identification of TARS Variants
(A) Sanger sequencing profiles of TARS cDNA. Subject TTD5VI shows homozygosity for the c.680T>C missense variant (right panel),
and subject TTD18PV shows compound heterozygosity for missense variant c.826A>G (left panel) and nonsense variant c.1912C>T
(middle panel).
(B) Amino acid conservation across different species orthologs.
(C) Schematic representation (created with InterPro) of the domain structure of the TARS protein with the location of the subjects’
variants.

sequencing of TARS cDNA in 24 additional individuals with
unsolved NPS-TTD. No bi-allelic mutations were identified.
This indicates that in our combined cohort of 47 affected
individuals (17 cases in the Dutch cohort; 16 cases from 14
families in the Italian cohort; 16 cases in the UK cohort),
defective TARS accounts for about 4% of individuals with
NPS-TTD.
TARS is an essential component of the translation machinery, and it belongs to the aminoacyl-tRNA synthetase
(ARS) protein family.30,31 This family is divided into two
subgroups, class I and class II ARS proteins, based on their
structure and presence of shared functional domains.32–34
TARS is a class II ARS protein and catalyzes the covalent
binding of threonine to a threonine-specific tRNA
(tRNAThr) to form the aminoacyl Thr-tRNAThr complex.35,36 The inactive monomeric form of TARS needs to
dimerize first in order to establish a catalytically active
configuration, which allows specific binding of each
monomer to the corresponding uncharged tRNA and free
amino acid Thr. Amino acid charging is highly specific
and facilitated by several conserved domains within
TARS (Figure 1C) that include the C-terminal anticodonbinding domain, the catalytic core domain, a putative

N-terminal editing domain, a mode of the so-called second
additional domain, and a structurally uncharacterized TGS
(for ThrRS, GTPase, and SpoT) domain. The second additional domain consists of several antiparallel beta sheets
that surround the dimeric and catalytically active core,
whereas the TGS domain appears to facilitate nucleotide
binding.36 The identified amino acid substitutions in subjects TTD18PV and TTD5VI are close to the core catalytic
domain and might have an impact on the catalytic activity
of the protein.
Immunoblot analysis of whole-cell extracts from
TTD18PV and TTD5VI subject fibroblasts revealed a strong
reduction in the total cellular amount of full-length TARS
in both subjects’ lysates (to approximately 20% of the
amount seen in controls) (Figure 2A and 2B). The TARSspecific protein bands were of the same molecular mass
as that seen in control lysates, and this mass corresponded
to the predicted protein mass containing the amino substitutions p.Lys276Glu or p.Leu227Pro (Figure 2A and 2B).
The TARS variant c.1912C>T (p.Arg638*) is predicted to
lack the last 85 amino acid residues at the C-terminal
end; this would almost completely delete the anticodon
binding domain. However, this predicted lower-sized
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Figure 2. Functional Consequence of
TARS Variants
(A) Immunoblot analysis used for determining TARS protein amounts in lysates of
primary fibroblasts TTD5VI and TTD18PV
and two wild-type controls; anti-tubulin
was used as a loading control.
(B) Quantification of the immunoblot. The
band intensities of TARS were normalized
to tubulin and expressed as percentage of
the intensities for control cells (C4RO).
The error bars indicate the SEM of three
independent experiments.
(C) Representative picture of a yeast
complementation assay. Wild-type and
mutant strains were grown on solid medium without leucine and uracil (LU; left
panels) or in the presence of 5-FOA (right
panels). Cells were spotted with serial dilutions and pictures were taken after 96 h at
30 C.
(D) The cytosolic fraction from TTD5VI,
TTD18PV, and two control fibroblasts was
used for determining TARS (blue) and
KARS (green; internal control) amino acid
charging on tRNA. Threonine and lysine
charging in control fibroblast C4RO was
set at 100%, and error bars indicate SD of
three independent experiments.

protein band was not visible in immunoblots, indicating
that this mutant protein might be less abundantly synthetized and/or severely unstable as a result of the C-terminal
truncation. Total TARS mRNA levels, as measured by realtime quantitative reverse-transcription PCR (qRT-PCR),
were only slightly reduced in TTD18PV primary fibroblasts
compared to control cells (Figure S2). Allele-specific qRTPCR showed that only 10% of the total TARS mRNA molecules in TTD18PV primary fibroblasts originated from the
c.1912C>T variant allele, suggesting that in TTD18PV,
most TARS proteins contain the missense Lys276Glu
TARS variant. Altogether, these data show that the single
amino acid substitutions p.Leu227Pro and p.Lys276Glu
in TARS cause severe protein instability.
Next, we tested the functionality of the identified TARS
variants by using a well-established complementation yeast
assay.37 It has been recently demonstrated that the haploid
yeast knockout Saccharomyces cerevisiae strain deprived of

the TARS ortholog THS1 essential gene
(Dths1) can be complemented by the
human TARS cDNA.38 We could therefore use plasmid shuffling experiments
to test the ability of c.680T>C
(p.Leu227Pro), c.826A>G (p.Lys276Glu), and c.1912C>T (p.Arg638*)
variants to rescue the cell lethality associated with the deletion of the endogenous yeast THS1. In comparison with
those expressing wild-type TARS, yeast
cells expressing the variants showed
dramatically reduced growth, strongly
supporting the notion that these protein alterations
severely impact TARS functionality (Figure 2C).
To further investigate the functional consequences of
the TARS variants in the context of mammalian cells,
we measured steady-state aminoacylation reactions on
protein lysates from subjects’ fibroblasts (from TTD5VI
and TTD18PV) and control fibroblasts (from C4RO and
C5RO). KARS (for Lysine-tRNA synthetase) activity was
simultaneously measured as an internal control. Intraassay variation was <15%, and no decreases were
observed for KARS (internal control) activity. In contrast,
the results showed an approximate 70%–80% reduction
of threonine tRNA charging activity in both subject cells
as compared to control fibroblasts (Figure 2D). These
data corroborate the results obtained from the yeast-based
complementation assays and demonstrate the loss-offunction (LoF) effect of TARS variants on tRNA charging
activity.
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In summary, we identified bi-allelic TARS variants
affecting highly conserved amino acids in two unrelated individuals with NPS-TTD (Figures 1A and 1B): compoundheterozygous variants in subject TTD18PV (c.826A>G
[p.Lys276Glu] and c.1912C>T [p.Arg638*]), and a homozygous variant in subject TTD5VI (c.680T>C [p.Leu227Pro]).
Immunoblotting revealed an approximately 80% reduction
of steady-state protein amounts of full-length TARS in fibroblast lysates from subjects TTD18PV and TTD5VI when
these cells were compared to control fibroblasts. We are
tempted to speculate that the identified amino acid substitutions compromise the structural integrity of the dimeric
and catalytically active TARS complex and perhaps force
the dimeric TARS protein complex into its monomeric
and inactive form, which might be unstable and more susceptible to protein degradation. Protein instability seems to
be a common cellular hallmark observed in TTD cells; it was
also observed for TTD-subject cells carrying mutations in
either TFIIH (ERCC3, ERCC2, or TFB5/TTD [also called
TTDA]) or TFIIE (GTF2E2).7,11,19,20,23,24,39
The canonical function of TARS in tRNA charging
strongly depends on its structural conformation and correct
assembly of a catalytically active dimeric TARS complex. It is
thus likely that along with haploinsufficiency caused by
protein instability the catalytic activity of mutant TARS is
also affected, and this contributes to the phenotype. The
lack of complementation in yeast strains overexpressing
the missense TARS variants (Figure 2C) supports this hypothesis. This reduced activity will decrease the number
of charged tRNAThr molecules available for translation in
subjects’ cells, impairing protein production in general.
However, it is important to understand the degree to which
translation is impaired and contributes to tissue-specific
phenotypes. There is also evidence suggesting that proofreading deficiencies might increase the number of mischarged tRNA molecules, and such an increase might lead
to accumulation of misfolded proteins in the brain and
thus cause progressive neurological phenotypes.40
Bi-allelic mutations in other ARS-related genes typically
cause severe, early-onset, recessive diseases that affect a
wide range of tissues.41 The vast majority of these bi-allelic
mutations also show LoF effects, reduction in ARS protein
amounts,41,42 and severe decreases in enzyme activity. Mutations in TARS have not yet been associated with human
disorders. The notion that TARS variants are associated
with clinical features such as brittle hair and ichthyosis is
somewhat surprising because ARS-mediated LoF effects
were thus far not linked to brittle hair or ichthyosis.43
However, very recently, inactivation mutations in the cysteinyl-tRNA synthetase (CARS [MIM: 123859]) have been
identified in three unrelated families with wide clinical
spectra and some TTD-phenotype-reminiscent features,
including microcephaly, developmental delay, and brittle
hair with weak or moderate ‘‘tiger-tail’’ banding.44 The
few cases identified so far do not allow one to determine
whether the clinical differences between TARS- and
CARS-defective individuals are due to the type of muta-

tions or to the impact that alterations in specific ARSs
may have on cellular metabolism.
The notion that faulty tRNA charging, which would
likely reduce protein translation, is associated with TTDspecific features suggests that gene expression defects
(i.e., the net result of transcription, transcript maturation
and stability, and protein synthesis and stability) comprise
the underlying molecular mechanism that drives
segmental TTD features. Our observation that TTD is also
associated with affected protein translation, together
with the notion that another TTD-causing mutation was
found in an mRNA splicing factor,27 prompted us to
extend the definition of TTD from being a transcription
syndrome to a gene-expression syndrome.
This expanding spectrum of TTD-associated genes will
contribute to a better understanding of the molecular mechanisms underlying the rare genetic disorder TTD. Besides
known impairments in genome maintenance and transcription failure, anomalies in translation also appear to
contribute to TTD-specific clinical features such as brittle hair.
Supplemental Data
Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2019.06.017.
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