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Abstract

Trichothiodystrophy (TTD) is a rare hereditary neurodevelopmental disorder defined by sulfur-deficient brittle hair and
nails and scaly skin, but with otherwise remarkably variable clinical features. The photosensitive TTD (PS-TTD) forms
exhibits in addition to progressive neuropathy and other features of segmental accelerated aging and is associated with
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impaired genome maintenance and transcription. New factors involved in various steps of gene expression have been
identified for the different non-photosensitive forms of TTD (NPS-TTD), which do not appear to show features of premature
aging. Here, we identify alanyl-tRNA synthetase 1 and methionyl-tRNA synthetase 1 variants as new gene defects that cause
NPS-TTD. These variants result in the instability of the respective gene products alanyl- and methionyl-tRNA synthetase.
These findings extend our previous observations that TTD mutations affect the stability of the corresponding proteins and
emphasize this phenomenon as a common feature of TTD. Functional studies in skin fibroblasts from affected individuals
demonstrate that these new variants also impact on the rate of tRNA charging, which is the first step in protein translation.
The extension of reduced abundance of TTD factors to translation as well as transcription redefines TTD as a syndrome in

which proteins involved in gene expression are unstable.

Introduction

Trichothiodystrophy (TTD) is a multi-system recessive disorder
whose most characteristic features are brittle hair and nails
and ichthyosis. Brittle hair in TTD is associated with low
cysteine content and shows characteristic alternating light and
dark bands (‘tiger tail’ banding) by polarized light microscopy.
The spectrum and severity of additional clinical symptoms is
extremely broad. It includes mental and growth retardation,
microcephaly, ocular and skeletal abnormalities, recurrent
infections, impaired sexual development and a range of
other features. The clinical heterogeneity of TTD is paralleled
by an increasing number of functionally diverse causative
genes, which may provide hints for disentangling the intricate
genotype-phenotype relationships.

About half of TTD patients show hypersensitivity to sunlight
combined with progressive neurological decline and premature
aging features (1,2). All photosensitive TTD cases [photosensi-
tive TTD (PS-TTD), OMIM 601675, 606390 and 616395] carry bi-
allelic mutations within three genes encoding distinct subunits
of the multi-protein transcription initiation factor IIH (TFIIH)
complex (3,4). TFIIH is essential for both transcription initiation
and nucleotide excision repair (NER) (5). NER impaired by these
TTD mutations causes the photosensitive phenotype since this
repair process is the only pathway in human cells which is able
to remove lesions induced by solar ultraviolet (UV) radiation.
Tissue-specific transcription that is hampered by the affected
TFIIH is likely to be the cause of the additional complicated
pathophysiology associated with PS-TTD (6,7). The associated
premature aging features are most likely caused by the accel-
erated accumulation of DNA lesions, which interfere with tran-
scription and replication, resulting in functional decline and
increased cell death. This occurs particularly in post-mitotic dif-
ferentiated tissues (e.g. neurons and hair follicles), which cannot
dilute DNA damage by proliferation and accrue transcription
stress. This explains why post-mitotic tissues are progressively
affected in PS-TTD (8).

The remaining half of TTD patients, who are NER-proficient
and categorized as non-photosensitive TTD (NPS-TTD, OMIM
234050, 616943, 300953, 618546), display extensive genetic and
clinical heterogeneity. Thus far, five affected genes have been
identified for NPS-TTD, which encode M-phase-specific PLK1
interacting protein (MPLKIP/TTDN1) (9,10), general transcription
factor IIE subunit 2 (GTF2E2/TFIIE) (11,12), the X-linked ring
finger protein 113A (RNF113A) (13,14) and the recently iden-
tified cysteinyl-tRNA synthetase 1 (CARSI) and threonyl-tRNA
synthetase 1 (TARS1) (15,16).

Although no clear function for the protein encoded by the
NPS-TTD-causative gene MPLKIP/TTDN1 has been documented
so far, the identification of NPS-TTD-related mutations in
GTF2E2 initially supported the idea that part of the TTD-specific
features derives from transcriptional impairment. GTF2E2
encodes the beta subunit of the basal transcription factor TFIIE

that interacts with and supports TFIIH function in transcription
initiation. Strikingly, the identified pathological alterations
within TFIIEB result in decreased stability and consequently
reduced cellular abundance of the entire tetrameric TFIIE («8,)
complex and reduced TFIIH-mediated TFIIE« phosphorylation
(11). Furthermore, reprogramming of induced pluripotent
stem cells from GTF2E2-mutated fibroblasts highlighted the
transcription defects in late-stage differentiated erythroid cells
(12). Recently, GTF2E2 mutations have been reported to disrupt in
vitro recruitment of the TFIIH kinase module at gene promoters,
potentially affecting early transcriptional events (17). RNF113A
was also shown to function in the transcriptional process,
albeit in the subsequent step of transcript maturation and
splicing (18,19). However, proteins encoded by the other recently
identified genes causing NPS-TTD are not involved in the
transcriptional process and thus seem to challenge the concept
of transcription-related problems as the underlying cause of
TTD-specific features. CARS1 and TARS1 encode the cysteinyl-
tRNA synthetase (CysRS) and threonyl-tRNA synthetase (ThrRS),
respectively (15,16). CysRS and ThrRS belong to the family
of aminoacyl-tRNA synthetases (aaRS) whose function is to
load each amino acid onto its specific cognate tRNA through
aminoacylation reactions.

The functional heterogeneity of the genes causing NPS-TTD
complicates genotype-phenotype relationships. Moreover, each
of these five genes accounts for a limited number of cases
that overall explain less than 30% of the NPS-TTD individu-
als. Here, we report the identification of new, rare missense
variants in two additional aaRS coding genes, alanyl-tRNA syn-
thetase 1 (AARS1) and methionyl-tRNA synthetase 1 (MARS1),
that lead to the NPS-TTD phenotype. AARS1 and MARSI encode
alanyl-tRNA synthetase (AlaRS) and methionyl-tRNA synthetase
(MetRS), respectively.

Results

We performed whole-exome sequencing (WES) or whole-
genome sequencing (WGS) in a group of 34 unsolved cases
with multi-system phenotypes, each characterized by the
presence of the hair alterations that are typical of TTD and
by the absence of reported photosensitivity in the clinical
presentations, combined with normal NER activity in cultured
cells. Sequence data were aligned with the human reference
genome GRCh37-hg19, and lists of sequence variants were
obtained. We identified two cases (TTD236AM and TTD1GL)
carrying potentially pathogenic variants in the AARS1 gene and
one case (TTD17PV) with variants in the MARS1 gene.

Identification of AARS1 mutations
in two NPS-TTD cases

TTD236AM was the third daughter of Indian non-consanguineous
parents. The couple had one miscarriage and she had an older
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sibling who was similarly affected and a normal 7-year-old
sibling. The mother was treated throughout the pregnancy
with carbamazepine (400 mg per day) as she was an epileptic.
The infant was born by normal delivery and her birth weight
was 3 kg. Hypothyroidism was detected on day 22 of life and
she was treated with 25 pg of eltroxin. The child could smile
at 3 months of age and recognized her mother at 5 months.
On the first examination at 8 months, she only showed
partial head control, her weight was 5.8 kg (third percentile),
height was 66 cm (third percentile) and head circumference
was 37.5 cm (<third percentile). Neurological investigations
revealed normal reflexes and mild spasticity. MRI showed
delayed myelination (Fig. 1A) and periventricular diffusion
restriction at the region of optic radiation. She had a fair
complexion and was dysmorphic with hypotelorism, bilateral
infraorbital creases, left convergent squint, long philtrum,
thin upper lip and prominent nose (Fig. 1B). In addition, the
infant presented mild skin laxity, sparse wooly hair (Fig. 1C)
and sparse eyebrows. Hair analysis revealed the low sulfur
content typical of TTD (Supplementary Material, Fig. S1A), and
electron microscopic examination showed trichorrhexis nodosa
and fractures (Supplementary Material, Fig. S1B). On follow-
up visit at 18 months, all her growth parameters were still
below the third percentile (weight: 7 kg, height: 71 cm and
head circumference: 39 cm) and she could only sit by herself
and crawl. Photosensitivity was not reported, which was in
agreement with the normal response to UV irradiation of
TTD236AM primary skin fibroblasts. Following UV irradiation,
levels of both unscheduled DNA synthesis (UDS) and cell
survival were similar to those in normal cells (Fig. 1D and E).
Unfortunately, we lost contact with the family for follow-up.
WGS identified two heterozygous missense variants in AARS1,
€.2096 T > C resulting in p.lle699Thr and c.2702G > A resulting in
p-Cys901Tyr (GenBank: NM_001605.3 and NP_ 001596.2), which
were both confirmed by Sanger sequencing (Fig. 1F).

The older sister from whom samples could not be obtained
was affected similarly. This child was born by normal delivery
and her birth weight was 3 kg. Jitteriness was observed from
the day after birth. She could smile at 1 year of age and showed
head steadiness at 2 years of age. On examination at 8 years,
her weight was 9.1 kg (<third percentile), height was 91.5 cm
(<third percentile) and head circumference was 40.5 cm (<third
percentile). She presented with dystonia of the face and self-
mutilation behavior. She had no meaningful language, but she
could understand commands to some extent. She could sit up
from a lying position, but she showed dystonic posturing with
severe stiffness of limbs and ankle clonus. In addition, she had
soft wooly hair. Hearing and vision were normal and she was not
photosensitive. She died aged 9 years.

TTD1GL was a Scottish male first reported in 1984 at the
age of 4 years with a severe clinical phenotype characterized
by trichocutaneous alterations and neurodevelopmental delay
(case 1 in (20)). Follow-up at age 13 years recorded profound
degeneration of his physical and neurological states and the
absence of clinical photosensitivity, which is consistent with
the normal DNA repair efficiency in TTD1GL skin fibroblasts
(21,22). No later records of this case are available. The ¢.2176A > G
(p.Thr726Ala) and c.2267C>T (p.Thr756lle) variants in AARS1
were identified by WGS and were then confirmed by Sanger
sequencing (Fig. 1G). The c.2176A > G change is located in the
second base from the 3’ end of exon 15, and it is computationally
predicted to slightly decrease the strength of the donor splice-
site for intron 15 (score from 9.5 to 8.2, Human Splicing
Finder). However, no aberrantly spliced AARS1 transcripts
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were detected by PCR amplification of AARS1 cDNA, but poor
expression of the c.2176A>G containing AARS1 allele was
revealed by the cDNA sequencing traces (Fig. 1H). Real-time
quantitative polymerase chain reaction (RT-qPCR) analysis
demonstrated a slight reduction in the total amount of
AARSI1 transcripts in TTD1GL compared with the control and
TTD236AM cells. Further investigations by allele-specific assays
showed that only 20% of AARS1 transcripts are produced by the
€.2176A > G allele in TTD1GL fibroblasts, whereas the remaining
mRNAs contain the ¢.2267C > T change (Fig. 1I).

The four AARS1 variants identified in the two affected indi-
viduals are all ultra-rare in the human population, in particular
the c.2176A>G (p.Thr726Ala) and c¢.2702G>A (p.Cys901Tyr)
changes are not found in the aggregate 150000 human genomes
available from the Genome Aggregation Database (gnomAD).
Variants ¢.2096 T > C (p.I1e699Thr) and c.2267C > T (p.Thr756lle)
are present with low frequency (0.000003991 and 0.00001194,
respectively), and no homozygotes have been detected. They
all affect conserved amino acid residues located in functional
domains of the AlaRS protein (Supplementary Material, Fig S2A
and Fig.1L) and are predicted to be damaging because of
their high CADD_phred v 1.5 scores (26.2 for 11e699Thr, 32 for
Thr726Ala, 29.3 for Thr756lle and 22.7 for Cys901Tyr). Variants
in AARS1 have been previously implicated in the dominant
peripheral neuropathy Charcot Marie Tooth (CMT) disease
(23,24) and in the dominant Swedish type hereditary diffuse
leukoencephalopathy with spheroids (HDLS-S, (25) as well as in
the recessive epileptic encephalopathy (26,27). Thus far, none
of the variants displayed by the cases of NPS-TTD investigated
here have been found to be associated with other AARS1-related
disorders (Fig. 1L).

Identification of a homozygous MARS1 mutation in one
NPS-TTD case

TTD17PV is a female born in 1987 to Italian parents with
no known consanguinity. She has a healthy older brother.
Fetal growth arrest was reported after the sixth gestational
month, and she was delivered by cesarean section performed
at 36 weeks. At birth her weight was 1200 g (<third percentile).
During infancy, she showed slow weight gain and delayed
neuromotor development. On the basis of hair analysis, she was
clinically diagnosed with TTD at the age of 3 years. Hair amino
acid content analysis showed a low amount of cysteine (9.9%
compared with 20.8% in healthy donors), as reported in all PS-
and NPS-TTD cases. In addition, methionine was undetectable in
TTD17PV hair (Supplementary Material, Fig. S1C). Polarized light
microscopy examination revealed a moderate tiger-tail pattern
and showed hair fractures (Supplementary Material, Fig. S1D). At
arecent evaluation (age: 32 years), her height was 142 cm (<third
percentile), her weight was 48.3 kg and her head circumference
was 49.5 cm (<third percentile). She showed facial asymmetry
(Fig. 2A) owing to congenital paresis of her left facial nerve. In
addition, she had bilateral epicanthus and high and narrow
palate leading to dental malocclusion. She presented with
intellectual disability, reduced tendon reflexes and ataxia.
Further clinical signs were brachydactyly of the hands and feet
(Fig. 2B and C), joint laxity, brittle nails and ungueal dystrophy.
Her eyebrows and hair were sparse and she had a white
hair tuft on her forehead. Her parents revealed that she had
her menarche at the age of 16 years, but after three periods,
she stopped menstruating. At the age of 20 years, she was
diagnosed with type 2 diabetes (treated with metformin). Eye
examination did not reveal any alteration, and echocardiography
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Figure 1. AARSI-defective NPS-TTD cases. (A-C) Clinical features of TTD236AM. MRI of the brain showing delayed myelination (A); frontal face appearance (B); view
of the scalp with sparse hair (C) and (D) DNA repair capacity in control (C5RO), TTD236AM and NER-deficient xeroderma pigmentosum group A (XP-A; XP25RO)
primary fibroblasts. DNA repair capacity was measured as UV-induced DNA repair synthesis (UDS), using EdU incorporation after UV irradiation and visualization
by fluorescence-conjugated azide (Click-iT assay). Mean fluorescence intensities of at least 50 nuclei were expressed as percentage of those of control cells analyzed in
parallel. Bars indicate standard deviation (SD) of three independent experiments. (E) Clonogenic UV-survival assay to measure UV sensitivity in C5RO (closed circles),
TTD236AM (open circles) and XP25RO (closed triangles) primary fibroblasts. One day after seeding, fibroblasts were irradiated with different doses of UV and cultured
for 2 weeks. Survival was plotted as the percentage of colonies obtained after treatment compared with the mock-treated fibroblasts (set at 100%). Bars indicate SD
of three independent experiments. (F) Sanger sequencing traces of TTD236AM AARS1 genomic DNA. TTD236AM shows compound heterozygosity for ¢.2096C > T and
€.2702G > A. (G, H) Sanger sequencing traces of TTD1GL AARS1 genomic DNA (G) and cDNA (H). TTD1GL shows compound heterozygosity for c.2176A > G and ¢.2267C>T
(G) and reduced expression of the c.2176A > G carrying AARS1 allele (H). (I) Cellular levels of AARS1 transcripts assessed by RT-qPCR. Total AARS1 transcript levels were
first normalized to the levels of GAPDH mRNA and then expressed as percentages of the corresponding value in the normal C3PV cells. The relative percentage
of the mutant AARS1 transcripts in TTD1GL cells (c.2176A > G and ¢.2267C > T) was assessed by allele-specific RT-qPCR. The reported values are the means of two
independent experiments, each done in triplicate. Bars indicate SD. (J) Schematic representation of the domain structure of the AlaRS protein and location of the
identified variants. Recessive and dominant variants are shown over and under the protein scheme, respectively. EF-Tu-like, elongation factor Tu-like; DHHA1, desert
hedgehog homolog-associated domain.

was in the normal range. She presented with follicular keratosis UV-induced DNA damage (Fig. 2E and F). WES analysis detected
and ichthyosis that was especially marked on her underarms the homozygous variant c.1201G>A in MARSI that results
(Fig. 2D). She was not sun-sensitive, and investigations on in the substitution p.Val401Met (GenBank: NM_004990.4 and
her primary skin fibroblasts confirmed normal repair of NP_004981.2). The presence and inheritance of the variant were
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Figure 2. MARSI1-defective NPS-TTD case. (A-D) Clinical features of TTD17PV. Facial asymmetry (A); brachydactyly of the hands and feet (B, C); follicular keratosis
and ichthyosis on patient underarm (D). (E) DNA repair capacity in control (C5RO), TTD17PV and NER-deficient xeroderma pigmentosum group A (XP-A; XP25RO)
primary fibroblasts. DNA repair capacity was measured as UV-induced DNA repair synthesis (UDS) using EAU incorporation after UV irradiation and visualization by
fluorescence-conjugated azide (Click-iT assay). Mean fluorescence intensities of at least 50 nuclei were expressed as percentage of those of control cells analyzed
in parallel. Bars indicate the SEM of three independent experiments. (F) Clonogenic UV-survival assay to measure UV sensitivity in C5RO (closed circles), TTD17PV
(open circles) and XP25RO (closed triangles) primary fibroblasts. One day after seeding, fibroblasts were irradiated with different doses of UV and were cultured for 2
weeks. Survival was plotted as the percentage of colonies obtained after treatment compared with the mock-treated fibroblasts (set at 100%). Bars indicate SD of three
independent experiments. (G) Sanger sequencing traces of MARS1 genomic DNA in TTD17PV and her parents. TTD17PV is homozygous for c.1201G > A. (H) Cellular
levels of MARS1 transcripts assessed by RT-qPCR. Total MARS1 transcript levels were first normalized to the levels of GAPDH mRNA and then expressed as percentages
of the corresponding value in the normal C3PV cells. The reported values are the means of two independent experiments, each done in triplicate. Bars indicate SD. (I)
Schematic representation of the domain structure of the MetRS protein and location of the identified variants. Recessive and dominant variants are shown over and
under the protein scheme, respectively.
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confirmed by Sanger sequencing of the relevant genomic DNA
region amplified from the subject and both parents’ blood
samples, identifying them as carriers of the same sequence
variant (Fig.2G). The steady-state level of the c.1201G>A
variant transcript in patient cells is similar to that of the wild-
type transcript in control cells (Fig. 2H). This allele is very
rare (gnomAD frequency 0.00001414) and, consistent with a
pathogenic effect, it has a high CADD_phred v 1.5 score (28.5) and
affects a highly conserved residue located in the core catalytic
domain of the MetRS protein (Fig. S2B and Fig. 2I). Thus far,
no homozygosity has been reported for this ¢.1201G > A allele,
and this variant has never been associated with any disease
(Fig. 21), even though several other MARS1 variants have been
related to dominant CMT (28,29) or recessive presentations,
including interstitial lung and liver disease/pulmonary alveolar
proteinosis (ILLD/PAP, (30,31)) and spastic paraplegia 70 (SPG70,
(32)). Of note, the typical TTD hair alterations could not be
observed on polarized light microscopy examination in the hair
from a PAP case carrying bi-allelic variants in the MARS1 gene
(Supplementary Material, Fig. S1E).

Following identification of the AARS1 and MARSI variants,
using Sanger sequencing, we screened the coding regions of
AARSI and MARSI cDNAs in 21 additional still unsolved indi-
viduals who had a clinical diagnosis of TTD and were NER-
proficient. No further potentially pathogenic variant was iden-
tified, indicating that, in our combined cohort of 55 unsolved
NPS-TTD affected individuals (from Dutch, French, Italian and
UK laboratories), alterations in AARS1 and MARS1 accounted for
about 2-4% of the cases.

Cellular amount and aminoacylation activity of mutant
AlaRS and MetRS proteins

To investigate the consequences of the identified variants in
AARS1 and MARSI1 genes, we first evaluated the cellular amounts
of the AlaRS and MetRS proteins in primary fibroblasts from
the affected individuals. Immunoblot analysis of whole-cell
lysates revealed a notable reduction of the MetRS content in
TTD17PV cells carrying the MARS1 variant (to 30% of the control
amount) (Fig. 3A and B) as well as of the AlaRS content in the
cells from the two cases carrying AARS1 variants (to about 30
and 15% of the control amount in TTD236AM and TTD1GL,
respectively) (Fig. 3C and D). These observations indicate that
NPS-TTD-associated variants in MARS1 and AARS1 drastically
reduce the MetRS and AlaRS cellular concentrations. Since the
reduced MetRS and AlaRS amounts are not caused by reduced
transcript levels (Figs 1I and 2H), it is likely that these missense
mutations affect protein stability, as commonly observed among
variant polypeptides encoded by TTD-causative mutations in
TFIIH-related genes (ERCC3/XPB, ERCC2/XPD and GTF2HS5/TTDA)
or in the other NPS-TTD causative genes (GTF2E2, RNF113A,
CARS1 and TARS1) (11-13,15,16,33-35).

The function of each aaRS is to charge a specific tRNA
molecule with its cognate amino acid (aminoacylation of tRNA)
via a two-step enzymatic reaction that includes activation
(adenylation) of the amino acid and transfer of the aminoacyl
group to the tRNA. To verify whether the identified variants
in MARS1 and AARSI impair tRNA charging, we performed
steady-state aminoacylation reactions on protein lysates from
TTD17PV (MetRS-defective), TTD236AM and TTD1GL (AlaRS-
defective) fibroblasts and from control fibroblasts (C4RO and
C5RO) that were analyzed in parallel. In all analyzed cell
strains, similar aminoacylation activities were observed for
arginyl-tRNA synthetase (ArgRS) and lysyl-tRNA synthetase
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Figure 3. MetRS or AlaRS protein levels and aminoacylation activity in primary
fibroblasts from TTD17PV, TTD236AM and TTD1GL. (A) Immunoblot of whole-cell
lysates from TTD17PV and two healthy donors (C4RO and C5RO) probed with
anti-MetRS antibody. ¢-actin was used as loading control. (B) Quantification of
MetRS protein levels. The amount of MetRS was first expressed as the mean
value of the levels observed in the two increasing concentrations of the cell lysate
and was normalized to the a-actin content. For each cell strain, the MetRS level
was then expressed as percentage of the corresponding value in C4RO cells. The
reported values are the means of two independent experiments. Bars indicate SD.
(C) Immunoblot of whole-cell lysates from TTD236AM, TTD1GL and three healthy
donors (C3PV, C1609RM and C5BO) probed with anti-AlaRS antibody. y-tubulin
was used as loading control. (D) Quantification of AlaRS protein levels carried
out as in (B). The AlaRS amount was normalized to y-tubulin. For each cell strain,
the AlaRS level was expressed as percentage of the corresponding value in C3PV
cells. The reported values are the means of two independent experiments. Bars
indicate SD. (E, F) Cytosolic fractions from TTD17PV, TTD236AM and TTD1GL and
two healthy donor fibroblasts (C4RO and C5RO) were used to determine MetRS
(E) or AlaRS (F) amino acid charging on tRNA. LysRS (E) or ArgRS (F) charging
in control fibroblast C4RO was set at 100%, and error bars indicate SD of three
independent experiments.

(LysRS) used as internal controls. In contrast, a 65% decrease
in the MetRS activity was found in lysates from TTD17PV
fibroblasts compared with the activities measured in control
lysates. AlaRS activities in lysates from TTD236AM and TTD1GL
fibroblasts were even more severely decreased (Fig. 3E and F),
corresponding to only 10-20% activity measured in control
lysates. These data are consistent with a loss-of-function effect
in tRNA aminoacylation activity, which may be partly derived
from the observed reduced levels of AlaRS and MetRS in these
NPS-TTD cells.

Discussion
Impact of AARS1 and MARS1 TTD mutations

A total of 37 aaRS coding genes exist in the human genome,
and variants in nearly all of them lead to a variety of inherited
pathological conditions (36). Here, we identify novel bi-allelic
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variants in the AARS1 and MARS1 genes associated with the rare
NPS-TTD disorder, making tRNA synthetases, together with the
previously identified CARS1 and TARS1 genes, the largest gene
family within TTD. In addition, we provide evidence that these
mutations cause a decrease in the cellular amount and may alter
the enzymatic activities of AlaRS and MetRS, which may even-
tually impair the translational output in different ways. First,
quantitatively reduced cellular concentrations of the mutated
tRNA synthetases may cause translational insufficiency in spe-
cific stages of development, organs, tissues or circumstances
with a high translational demand and/or shortage of the specific
enzyme. Second, the altered enzymatic properties could qualita-
tively affect translation in all organs. Obviously, these two effects
might synergize in certain conditions.

Quantitative aspects of tRNA synthetase mutations
and the hallmark features of TTD

Our findings of reduced levels of both mutated tRNA synthetases
extend previous observations of TTD mutations affecting protein
amounts. Lower quantities of the TFIIH complex were observed
in PS-TTD cells (33-35) and reduced amounts of TFIIE subunits,
RNF113A protein, CysRS or ThrRS enzymes were found in NPS-
TTD (11-13,15,16). The lower amounts appear owing to protein
(and consequent complex) instability, most clearly revealed in
the case of TFIIH and TFIIE mutations, which are associated with
temperature sensitivity in cells. This is clinically apparent as
fever-dependent aggravation of symptoms in several patients,
such as sudden loss of all hair during episodes of pneumonia
(12,37).

The extension of reduced abundance to TTD proteins not
involved in transcription, but in other stages of gene expression
(i.e. translation and splicing), firmly establishes protein insta-
bility in gene expression as a causal link with the TTD fea-
tures. As originally proposed for transcription (6), the instability
leads to premature depletion of the mutated factor interfering
with the completion of terminal differentiation. For example, in
the case of skin or hair tissues, premature exhaustion of the
mutated gene expression factor reduces the expression of the
very cysteine-rich proteins, which cross-link the keratin fila-
ments at the end of terminal differentiation to strengthen skin
or hair. Consequently, TTD hair is brittle and the skin is scaly.
These findings may redefine TTD as a syndrome of instability in
gene expression.

Qualitative aspects of tRNA synthetase mutations
and the variable TTD symptoms

Apart from protein instability, culprit mutations may also exert
qualitative effects on the function of the proteins implicated
in different TTD variants. It is thus likely that the affected
enzymatic activities are involved in the other heterogeneous
clinical manifestations that are exhibited in different forms
of TTD. This holds, for example, for the distinction between
PS- and NPS-TTD, with photosensitivity caused by the DNA
repair impairment. What are the specific features and enzy-
matic defects linked with the variants in AARS1 and MARS1?
Other mutations in these genes have previously been associ-
ated with both dominant and recessive disorders (Figs 1L and 2I
and Supplementary Material, Tables S1 and S2). Dominant vari-
ants are usually found in patients with peripheral neuropathies
referred to as the CMT disease (36). In addition, a mono-allelic
AARS1 variant has been recently described in a family present-
ing with the severe adult-onset HDLS-S (25). However, there
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is currently no evidence of symptoms suggestive of periph-
eral neuropathies or leukoencephalopathy in NPS-TTD parents,
obligate heterozygous carriers of the AARS1 and MARS1 vari-
ants described here. The recessively inherited clinical presen-
tations already linked to AARS1 and MARSI pathogenic alleles
are extremely rare and include a wide spectrum of symptoms.
In the case of AARS1 mutations, there have been reports of
three families with a total of five cases showing early-onset
severe epileptic encephalopathy, progressive microcephaly and
hypomyelination (26,27), which only partially overlap with the
symptoms reported in NPS-TTD patients. Furthermore, there are
no similarities between the previously reported MARS1-mutated
phenotypes (ILLD/PAP and SPG70) and the NPS-TTD phenotype
observed in the MARS1-mutated patient reported here.

Owing to the limited availability of AARS1- and MARSI-
defective patients’ cells, loss-of-function effects for only some
AARS1 and MARSI variants have been shown either by the
absence of complementation using heterologous complemen-
tation assays in yeast and/or by defective aminoacylation as
determined by in vitro acetylation assays. Reduced cellular
amounts of the AlaRS enzyme has been reported only in one
epileptic encephalopathy case, whereas no alteration of MetRS
stability has been found for the two MARSI mutations analyzed
so far. A summary of all reported cases with mutations in AARS1
or MARS1 gene is reported in Supplementary Material, Tables S1
and S2, respectively.

The ability of cells to maintain proteostasis requires, in addi-
tion to optimal gene expression by transcription and RNA matu-
ration, strict control over accurate and efficient protein produc-
tion, folding, conformational maintenance and degradation. It is
highly likely that the reduced availability and enzymatic activity
of aaRS may affect efficient and or proper tRNA charging, which
eventually may cause reduced translation efficiency or misincor-
poration of amino acids during protein synthesis. Consequently,
errors will be introduced in protein sequences which will likely
cause impaired protein folding and, in turn, facilitate protein
aggregation and/or degradation. Proteostasis dysfunction is at
the root of many neurological and developmental diseases and
is a hallmark of many age-related disorders (38). Of note, loss
of proteostasis has been proposed as a possible pathogenic
mechanism that contributes to the severe neurodevelopmental
and progeroid Cockayne syndrome (CS), a TCR-defective disorder
related to PS-TTD (39). It has been shown that CS cells contain
high levels of misfolded proteins likely owing to imbalanced
protein synthesis (40) as a consequence of transcription stress,
which is caused by the inability to remove DNA damage in
active genes (8). Mutant aaRS may similarly affect the transla-
tion efficiency and/or accuracy in aaRS-defective NPS-TTD cells.
Terminally differentiated neuronal cells, but also terminally dif-
ferentiated keratinocytes involved in cornified envelope or hair
production, are likely to be more sensitive to subtle changes in
transcription and translation efficiency and fidelity since the
resulting misfolded proteins cannot be diluted by cell division
and thus become potentially cytotoxic.

Concluding remarks

Our findings expand the genetic and phenotypic spectrum
resulting from AARS1 and MARS1 mutations to include NPS-
TTD and suggest that in addition to protein instability, defective
enzyme activity may also contribute to the TTD-specific
features. These observations further corroborate our previous
hypothesis that part of the salient TTD features (e.g. brittle
hair and nails and scaly skin) are a consequence of disturbed
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gene expression which is caused by mutations in factors
involved either in transcription initiation (11,12,35), RNA splicing
(13) or protein translation (15,16). The variable additional
features associated to TTD, including neurodevelopmental
abnormalities, are more likely related to the function of the
causative gene.

However, the genes currently identified involved in NPS-TTD
still account for only a proportion of the patients. Based on the
concepts outlined here, we predict that the TTD cases that are
still unsolved may carry mutations in other factors required
for proper gene expression. Apart from other aaRS, these may
involve transcription, RNP processing and transport, mRNA sta-
bility and various steps in translation and protein folding.

Materials and Methods
Study subjects

This research project was reviewed and approved by the Erasmus
MC, Institutional Review Board/Medical Ethical Committee (MEC
2005-273). The WGS experiments were performed under the
general Medical Ethical Committee approval (MEC 2011-253).
This research is in line with the World Medical Association
Declaration of Helsinki.

Patients and cell culture

Individuals investigated in this study followed the protocols
approved by institute-specific ethical review boards, and
informed consents were obtained for biological samples
according to the Helsinki guidelines.

Primary skin fibroblasts from the NPS-TTD cases TTD236AM,
TTD1GL, TTD17PV, TTD18PV, from XP25RO (XP-A) and from the
genetically unrelated healthy donors C3PV, C1609RM, C5BO,
C4RO and C5RO were used. Fibroblasts were cultured in DMEM
medium (DMEM High Glucose with L-glutamine, EuroClone) or
Ham'’s F10 medium (Lonza) supplemented with 10% fetal bovine
serum (Gibco) and 1% penicillin-streptomycin (EuroClone) at
37°C and 5% CO2.

Colony-forming ability/survival following UV irradiation

Cells were plated in 10 cm dishes (1500 cells/dish), in triplicate.
After 24 h, cells were irradiated with different doses of UV-
C irradiation (0-8 J/m?) and were incubated for approximately
2 weeks. Colonies were fixed and stained with 0.1% Brilliant
Blue R (Sigma) and were counted (Gelcount, Oxford Optronix Ltd).
Survival was plotted as the percentage of colonies obtained after
treatment compared with the mean number of colonies from the
mock-treated cells (set at 100%).

Whole-genome sequencing

Nanoball-based massive parallel sequencing (software version
2.5.0.44) was done as described previously (41). Image data anal-
ysis INCLUDED base calling, DNB mapping and sequence assem-
bly. Reads were mapped to the National Center for Biotech-
nology Information (NCBI) reference genome, build 37. Variants
were annotated using NCBI build 37 and dbSNP build 137. Data
were provided as lists of sequence variants (SNPs and short
indels) relative to the reference genome. Analysis and filter-
ing of the massive parallel sequencing data was performed
using Complete Genomics analysis tools (cga tools version 1.8.0
build 1; http://www.completegenomics.com/sequence-data/cga

tools/) and TIBCO/Spotfire version 7.0.1 (http:/spotfire.tibco.co
m/).

Whole-exome sequencing

Exonic DNA was captured using the Agilent SureSelect Human
All Exon target enrichment kit (Agilent Technologies, Santa
Clara, CA) and sequencing was performed with paired-end
100 bp reads on one-quarter of an Illumina Analyzer IIx
(Mumina, San Diego, CA). About 50 M reads/individual were
generated resulting in approximately 30-40x coverage of the
targeted exome. The Genome Analysis Toolkit (GATK v2.5)
was used to perform variant discovery and genotyping. SNPs
and indels were called according to the GATK'’s Best Practices.
Variants were filtered assuming a recessive inheritance model.
Given the rare incidence of TTD (estimated to be 1.2 per
million live births in Western Europe) (42), only variants with a
frequency <0.001 and CADD_phred scores >15 were considered.

Sanger sequencing

AARS1 and MARS1 variants identified in the WES/WGS analyses
were validated by Sanger sequencing of either the cDNA
(TTD1GL) or genomic DNA (TTD1GL, TTD236AM and TTD17PV),
as previously described (43). Additional NPS-TTD cases were
screened for candidate mutations in AARS1 and MARSI by
directed cDNA sequencing. Primer sequences are given in
Supplementary Material, Table S3.

Real-time quantitative polymerase chain reaction

RT-qPCR was performed as previously described (44). Briefly,
total RNA was extracted using RNeasy Mini Kit (Qiagen). Tran-
script levels of both AARS1 and the housekeeping GAPDH gene
(for normalization) were measured on a LightCycler 480 (Roche).
Primer sequences are given in Supplementary Material, Table S3.

Immunoblot analysis

Whole-cell extracts were prepared as previously described
(34) by lysing fibroblasts in Laemmli buffer, and proteins
were separated on Mini-Protean TGX gels (BioRad). Blots were
incubated with antibodies to AlaRS (A303-473A Bethyl, 1:1000),
MetRS (HPA004125, Atlas antibodies, 1:1000), y-tubulin (T6557),
Sigma Aldrich (1:10000) and «-actin (MAB1501R, Merck Millipore,
1:5000) and were analyzed using a ChemiDoc XRS imager
(BioRad). The densities of the bands were quantified using the
ImageJ 1.50i software (NIH).

Aminoacylation reactions

Aminoacylation was assessed by measuring the AlaRS or MetRS
activity in cultured fibroblasts. Fibroblast lysates (cytosolic frac-
tion) were incubated at 37°C for 10 min in a reaction buffer
containing 50 mM Tris buffer pH 7.5, 12 mM MgCl,, 25 mM
KCl, 1 mg/ml bovine serum albumin, 0.5 mM spermine, 1 mM
ATP, 0.2 mM yeast total tRNA, 1 mM dithiothreitol, 0.3 mM
of either [Ds]-alanine and ['®N,]-arginine for TTD236AM and
TTD1GL or [**C,D;]-methionine and [D4]-lysine for TTD17PV. The
reaction was terminated using trichloroacetic acid. After sam-
ple washing with trichloroacetic acid, ammonia was added to
release the labeled amino acids from the tRNAs. [D4]-alanine
and ['3Cg]-arginine were added as the internal standards for
TTD236AM and TTD1GL. For TTD17PV, the internal standards
used were [*3C]-valine and ['*Cg]-arginine. The labeled amino
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acids were quantified by LC-MS/MS. Intra-assay and inter-assay
variation were <15%. ArgRS (TTD236AM and TTD1GL) and LysRS
activity (TTD17PV) were simultaneously detected as the control
enzymes.

Supplementary Material

Supplementary Material is available at HMG online.
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