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Abstract

Trichothiodystrophy (TTD) is a rare hereditary disease whose prominent feature
is brittle hair. Additional clinical signs are physical and neurodevelopmental
abnormalities and in about half of the cases hypersensitivity to UV radiation. The
photosensitive form of TTD (PS-TTD) is most commonly caused by mutations in
the ERCC2/XPD gene encoding a subunit of the transcription/DNA repair
complex TFIIH. Here we report novel ERCC2/XPD mutations affecting proper
protein folding, which generate thermo-labile forms of XPD associated with
thermo-sensitive phenotypes characterized by reversible aggravation of TTD
clinical signs during episodes of fever. In patient cells, the newly identified XPD
variants result in thermo-instability of the whole TFIIH complex and consequent
temperature-dependent defects in DNA repair and transcription. Improving the
protein folding process by exposing patient cells to low temperature or to the
chemical chaperone glycerol allowed rescue of TFIIH thermo-instability and a
concomitant recovery of the complex activities. Besides providing a rationale for
the peculiar thermo-sensitive clinical features of these new cases, the present
findings demonstrate how variations in the cellular concentration of mutated
TFIIH impact the cellular functions of the complex and underlie how both

quantitative and qualitative TFIIH alterations contribute to TTD clinical features.
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cases also exhibit cutaneous sun sensitivity that is associated with

cell hypersensitivity to ultraviolet (UV) light. These patients are

Trichothiodystrophy (TTD) is a rare hereditary pathological condition
whose diagnostic feature is sulfur-deficient brittle hair characterized
by dark and light alternate bands (tiger tail pattern) on polarized
microscopy. Hair alterations are associated with a broad spectrum of
clinical symptoms of varying severity, including growth and neuro-
developmental issues, short stature, ichthyotic skin, nail dysplasia,
decreased fertility, recurrent infections, unusual facial features and
signs of premature ageing (Faghri et al., 2008). About half of TTD

defined photosensitive TTD (PS-TTD; MIM# 601675, 616390,
616395) and carry bi-allelic mutations in ERCC2/XPD, ERCC3/XPB,
or GTF2H5/TTDA genes, encoding distinct subunits of the general
transcription factor IIH (TFIIH). Besides transcription, TFIIH plays a
key role in nucleotide excision repair (NER) (Compe & Egly, 2016;
Rimel & Taatjes, 2018; Tsutakawa et al., 2020), the only DNA repair
pathway that in mammalian cells removes bulky DNA adducts
induced by UV light. Alterations in XPD and XPB subunits of TFIIH
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have been also linked to the hereditary disorder xeroderma
pigmentosum (XP) characterized by a high incidence of cancer
formation in the sun-exposed areas of the skin (Ferri et al., 2020).
Defects in NER can explain the high skin cancer proneness in XP
patients while impaired transcription likely contributes to the
multisystem clinical features of PS-TTD. Multiple in vitro and in vivo
data support this notion, including impaired basal transcription
activity of recombinant TFIIH complexes carrying PS-TTD mutations
(Dubaele et al., 2003) as well as the recent finding that mutations in
another basal transcription factor, the TFIIE complex, also lead to
TTD clinical features with no NER defects (Kuschal et al., 2016; Theil
et al., 2017). Several studies in the mouse model or in patient cells
have also demonstrated the relevance for disease pathogenesis of
TFIIH in gene expression regulation (Arseni et al., 2015; Compe et al.,
2005, 2007; Lombardi et al., 2021; Orioli et al., 2013). In addition, all
PS-TTD mutations have been shown to affect the stability of the
TFIIH complex, thus resulting in reduced TFIIH cellular amounts
(Botta et al., 2002; Vermeulen et al., 2000, 2001) that might be rate
limiting for specific genes in certain cells and/or tissues relevant for
the disease.

More than 80% of PS-TTD cases are associated with alterations
in the XPD helicase subunit of TFIIH. These patients display
remarkably wide phenotypic heterogeneity with striking differences
in both the progression and severity of the disease (Faghri et al.,
2008; Orioli & Stefanini, 2019). Here, we report novel changes in
XPD related to thermo-sensitive clinical features that appear to
reflect protein folding alterations. Five PS-TTD/XP-D patients
(from three unrelated families) who were referred to the labora-
tory presented medical histories notable for fever-dependent
aggravation of typical TTD symptoms. During febrile states, they
exhibited sudden loss of brittle hair which regrew after recovery.
Transient difficulty with walking and balance and skin peeling
were also observed concurrently with body temperature increase.
We show that these patients carry still unreported mutations in the
ERCC2/XPD gene and demonstrate that the new mutations generate
thermo-sensitive forms of XPD protein resulting in temperature-
dependent instability of the whole TFIIH complex. As a consequence,
patient cells show temperature-dependent worsening of NER and
transcription dysfunctions. By improving protein folding, thermo-
instability of the mutant XPD subunits can be partially rescued
with a concomitant recovery of TFIIH cellular amounts and activities.
Thus, patient cells with thermo-sensitive mutations offer a unique
opportunity to directly evaluate the influence of quantitative

variations on TFIIH efficiency.

2 | MATERIALS AND METHODS

2.1 | Patients, cell culture conditions, and
complementation analysis

Individuals investigated in this study followed the protocols approved
by CNR Ethics and Integrity Committee. The study was performed on

primary skin fibroblasts from the TTD32PV, TTD34PV, TTD35PV,
TTD37PV, and TTD38PV patients (Supporting Information: Table S1)
and the C3PV healthy donor. Fibroblasts from TTD8PV (XP-D),
TTD14PV (TTD-A), TTD20PV (XP-D), TTD22PV (XP-D), and XP5PV
(XP-C) were used as reference strains in complementation studies
(Botta et al., 1998, 2009; Chavanne et al., 2000; Giglia-Mari et al.,
2004). Investigations on the effect of temperature were extended
to primary fibroblasts of the TTD8PV, TTD12PV, TTD22PV, and
TTD23PV patients (Supporting Information: Table S1).

Fibroblasts were cultured in Dulbecco's modified Eagle's medium
(DMEM) medium (DMEM High Glucose with L-glutamine; EuroClone)
supplemented with 10% fetal bovine serum (FBS; Lonza) and 1%
penicillin-streptomycin (EuroClone) at 37°C and 5% CO..

The genetic defect responsible for UV hypersensitivity was
defined by complementation assays. Procedures are those routinely
used in our laboratory and have been described elsewhere (Stefanini
et al, 1992, 1993).

2.2 | Treatments

Temperature shift experiments were carried out on parallel cultures
of 5 x 10° fibroblasts in 100 mm Petri dishes. Cells were incubated at
37°C for 48 h and then either maintained at 37°C or moved to 32°C
or 41°C for additional 12 h before processing.

For glycerol treatment, 5 x 10° fibroblasts were cultured under
standard conditions for 2 days. Medium containing 0.66 M glycerol
(BDH Prolabo) was then added to culture dishes and temperature
shift experiments were performed.

UV irradiation was performed using a Philips TUV 15W lamp
emitting predominantly 254 nm light (i.e., UVC) and giving a dose rate
of 2J/m?/s. The UV intensity was measured before cell exposure

with a calibrated radiometer (WXL Radiometer, Vilber Lourmat).

2.3 | Unscheduled DNA synthesis (UDS) and
overall RNA synthesis rate (RS)

UDS and RS were analyzed by autoradiography, as previously
described (Stefanini et al., 1986, 1996). Briefly, for UDS analysis,
cells were seeded in dishes provided with a coverslip, grown under
standard conditions for 2 days, and then exposed to a UV dose of
20J/m?, incubated in a medium containing 10 uCi/ml 3H-thymidine
(Perkin Elmer Life Sciences, specific activity 20 Ci/mmol) for 3h,
washed in PBS, and fixed with Bouin's solution. For RS analysis, cells
were seeded in dishes provided with a coverslip in medium with low
serum (1% FBS), grown for 3 days, and then incubated in medium
containing 10 uCi/ml 3H-uridine (NER Radiochemicals, specific
activity 26.4 Ci/mmol) for 1h and processed as described above.
Autoradiographic preparations were performed using a photographic
emulsion (llford K2). After 2-3 days at 4°C, the slides were developed
and stained with May-Grunwald (BDH Prolabo) and Giemsa (BDH
Prolabo) solutions. UDS and RS were evaluated by counting the
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number of autoradiographic grains on at least 25 nuclei of G1/G2

phase cells.

24 | Sequencing of ERCC2 gene

The complete coding region of ERCC2 (GenBank reference mRNA
sequence NM_000400.4) was analyzed by sequencing of PCR-
amplified cDNA. Identified variants were also investigated in the
corresponding genomic DNA regions (GenBank reference genomic
sequence NG_007067.2, range 5001-24197).

Total RNA was extracted from patient fibroblasts using the
RNeasy Mini kit (Qiagen) according to the manufacturer's instruc-
tions. Genomic DNA was prepared from parent blood withdrawals by
the salting out method. PCR amplification and sequencing were
carried out as previously described (Botta et al., 2009). Primer
sequences are given in Supporting Information: Table S2.

2.5 | Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using the RNeasy Mini kit (Qiagen) and 1 ug
RNA was reverse-transcribed using the iScript cDNA synthesis kit
(Bio-Rad). The cDNAs were used as a template in gRT-PCR reactions
containing the SYBR Green | fluorescent dye (Bio-Rad) and 10 pmol
each forward and reverse primers (Supporting Information: Table S2).
Reactions were performed in the LightCycler 480 Real-Time PCR
system (Roche Diagnostics).

2.6 | Immunoblot analysis of TFIIH subunits

Whole-cell lysates were prepared as previously described (Botta
et al., 2002) and proteins were separated on 4%-12% gradient
NuPAGE Bis-Tris gels (Thermo Fischer Scientific) and transferred
onto nitrocellulose membranes (Protran, Whatman). Mouse antibo-
dies against the TFIIH subunits cdk7 (2F8), p44 (1H5), p62 (3C9), and
XPD (2F6) were a gift from J.M. Egly (IGBMC) and were all diluted
1:2000. Mouse anti-y-tubulin (T-6557, Sigma-Aldrich) was diluted
1:10,000. Chemiluminescent signals were detected using the
ChemiDoc XRS system (Bio-Rad) and the density of the bands
corresponding to the different proteins was quantified using the
Image) 1.50i software (Schneider et al., 2012). The amount of each
protein was normalized to the y-tubulin amount and expressed as the
mean value of the levels observed in two increasing concentrations
of cell lysate. The relative levels of TFIIH subunits in patient cells
were expressed as percentages of the amounts present in the cells
from the healthy donor C3PV analyzed in parallel. For TFIIH
quantification at 32 and 41°C, the levels of the different subunits
were expressed as percentage of the values in C3PV fibroblasts
grown at 37°C. Mean TFIIH levels reported in Figures 2b and 3b were
obtained by taking the average of the relative levels of the four

analyzed subunits.

2.7 | Statistics

p Values were obtained by the unpaired two-tailed Student's t-test.
Fisher F-ratio at a probability level (p value) of 0.05 was used to
compare variances among the analyzed groups. Data are reported
as mean * standard error of the mean (SEM). p Values <0.05 were

considered significantly different.

3 | RESULTS

3.1 | Clinical history of the TTD cases showing
temperature-sensitive symptoms

3.1.1 | TTD32PV

TTD32PV was an ltalian male born in 2001 from unrelated parents,
2 years after a spontaneous abortion (Supporting Information: Figure S1).
He was delivered by cesarean section performed at 33 gestational
weeks because of mother pre-eclampsia and acute fetal distress.
The mother presented gestational diabetes and thrombocytopenia.
There was no notion of a collodion membrane and growth parameters
were moderately reduced (Supporting Information: Table S3). Physio-
logical jaundice (bilirubin 12.9 mg/dl) was observed on the third day
after birth and was treated with phototherapy. In the first years of life,
he showed borderline physical development and moderate delay in
psychomotor development. Based on brittle hair, he was diagnosed with
TTD at age 17 months. Parents reported temporary and recurrent loss
of scalp hair during episodes of fever. Following an episode of
gastroenteritis, at age 3 years and 6 months he was admitted to
hospital for acute onset severe gait defect characterized by balance
problems. He underwent physical therapy and in 2 months the gait
defect gradually regressed, except for persistence of mild coordination
defect. Since then, transient difficulty with walking and balance was
observed together with hair loss during fever episodes. Brain magnetic
resonance (MRI) revealed hypomyelination of the white matter. At
age 4 years and 6 months, he showed delayed physical growth
(Supporting Information: Table S3). The hair was wiry and thick and the
skin dry and scaly. Neurological examination revealed slightly
reduced motor coordination and reduced psychometric assessment
(IQ 67 in the WPSSI scale). Further clinical signs were large ears and
telecanthus. Brain MRI was repeated 1 year after the previous
examination and T2-weighted magnetic resonance images confirmed
hypomyelination of the white matter and dilated asymmetrical
ventricles whereas computed tomography revealed no calcification.
Brainstem-evoked potential reductions correlate with central myelino-
pathy. Motor and sensory nerve conduction velocities were within
normal ranges, thus excluding involvement of peripheral nervous
system myelin. No epileptic anomalies were shown by electroencepha-
logram. Blood tests revealed moderate microcytic anemia (hemoglobin
[Hb] 10.6 g/dl [normal 11.5-15.5], hematocrit 33.2% [normal 40-54],
mean corpuscular volume [MCV] 55fl [normal 75-90], mean Hb

content 17.6 pg [normal 27]). Urine tests and electrocardiogram were
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normal. Unfortunately, clinicians lost contact with the family for

follow-up.

3.1.2 | TTD34PV and TTD35PV

TTD34PV and TTD35PV are South Tyrol siblings born in 1996
and 2001, respectively (Supporting Information: Figure S2). The
mother presented cystitis in the first trimester and pre-eclampsia
at 34 gestational weeks (TTD34PV), uterine bleeding in the
third month, and arterial hypertension from the fifth month
(TTD35PV). At birth (39 gestational weeks for TTD34PV and 36
gestational weeks for TTD35PV), both siblings showed moder-
ately reduced growth parameters (Supporting Information:
Table S3) and the characteristic “collodion baby” appearance of
the skin. TTD34PV was diagnosed with TTD at 6 years of age
because of the presence of brittle, sparse, and dry hair with
typical trichorrhexis nodosa-like fractures. Her scalp hair con-
tained a low level of cysteine (9.01% [normal 18%]) and showed
the typical “tiger tail” pattern under polarization microscopy. She
also showed sun sensitivity. TTD35PV was diagnosed at 1 year
and, in his first months of life, he suffered from bronchitis,
pneumonia, and gastroenteritis. At 1 year and 7 months he had
surgical correction (orchidopexy) of left cryptorchidism. In both
siblings, neurological examination revealed normal muscle tone,
no axial hypotonia, no spasticity, and no ataxia. TTD35PV
presented fine motor disorders. They both showed ichthyotic
skin, nail dysplasia, and astigmatism. TTD34PV was surgically
treated for bilateral cataract at age 6 years whereas TTD35PV
presents horizontal nystagmus. 1Q scores for the TTD34PV
patient were in the borderline intellectual disability and, although
word comprehension was good, a mildly delayed speech devel-
opment was reported. TTD35PV presented mild intellectual
disability with reduced word comprehension and he started to
attend primary school 1 year later compared to his classmates
(at age 7). Hematological studies revealed microcythemia and
slightly elevated levels of hemoglobin A2 (HbA2) in both siblings
(TTD34PV at 12 years of age: Hb 13.2 g/dl [normal 12.0-18.0],
MCV 68.7 fl [nomal 80.0-99.0], MCH 3.3 pg [normal 27.0-31.0],
MCHC 33.8% [normal 33.0-37.0], HbA2 6.0% [normal 1.8-3.6],
HbF 0.8% [normal 0.1-1.8]; TTD35PV at 7 years of age: Hb
13.1g/dl, MCV 69.2 fl, MCH 23.6 pg, MCHC 34.1%, HbA2 6.2%,
HbF 0.7%). The presence of B-thalassemia trait, which was absent
in both parents, represents a typical feature of TTD patients
(Viprakasit et al., 2001).

At present, both siblings are employed in working activities
outside the home. They show moderately reduced physical growth
(Supporting Information: Table S3) and in TTD34PV further clinical
signs are persistence of some deciduous teeth, slightly asymmetrical
thorax, and pectus carinatum. The mother reports that in infancy the
two siblings completely and reversibly lost their scalp hair during
episodes of fever. From then on, they strictly control body

temperature to avoid fever crisis.

3.1.3 | TTD37PV and TTD38PV

TTD37PV and TTD38PV are Canadian brothers born in 1988 and
1999, respectively, from unrelated parents of Scottish (father) and
Welsh (mother) origin. TTD37PV has a healthy twin sister
(Supporting Information: Figure S3) but no information is reported
about their prenatal history except the fact the mother had a
previous spontaneous abortion. At the time of diagnosis (20 years
of age), TTD37PV showed yellow scales on scalp, brittle and coarse
hair, thin and wavy nails, dry skin with freckles on cheeks,
ichthyosis, and sun sensitivity. His physical growth was severely
delayed (Supporting Information: Table S3) and he showed
reduced muscle tone, mild axial hypotonia, cerebellar ataxia,
contractures, gait abnormalities, and stooped appearance. He
had congenital bilateral cataracts that were removed, multiple
dental caries, osteosclerosis, seasonal and dust allergies. TTD37PV
also presented chronic neutropenia and no anemia. A skeletal
survey showed sclerosis and cranial thickening involving the axial
skeleton and cranial vault with relative sparing of the skull base
and appendicular skeleton. The acetabula were shallow and there
was bilateral coxa valga with uncovering of the lateral femoral
heads. He had bilateral hip surgery consisting of periacetabular
osteotomy and reconstruction. He was noted to have dense and
brittle bones during surgery. Bone abnormalities are in keeping
with those recently reported in other TTD patients (DiGiovanna
et al., 2022). Learning ability was moderately reduced but he could
attend a special school program. At last examination (age 27), he
presented upswing to anterior hairline and white scaly plaques all
over the skin surface, in particular on flanks and groin region. He
still suffered from hip pain. Brain imaging revealed hypomyelinat-
ing leukodystrophy.

His younger brother, TTD38PV, had similar features. The
pregnancy with him was complicated by positive maternal serum
screen with a risk of 1/8 for Down syndrome, and chorionic villus
sampling was completed with a normal karyotype. At diagnosis
(9 years of age), TTD38PV showed brittle, dry hair associated with
ichthyotic skin. His physical growth was reduced (Supporting
Information: Table S3) and hypomyelination of cerebral white
matter was observed by brain imaging, even though it appeared
less severe than in the brother. He also presented bilateral cataract
but no surgery was required. At age 11 years he showed midcortical
lens opacities and a central opacity with an abnormal red reflex
bilaterally. He was last seen at age 16.5 years. He had simple ears,
grooves on tongue, four missing teeth, sloping shoulders, and
ichthyosis. Nails were short, broad, and brittle. The skeletal survey
showed marked central osteosclerosis as well, involving the spine,
pelvis, bilateral clavicles, posterior ribs, and cranial vault. He also
showed mild weakness of proximal lower limbs. He has chronic
neutropenia as well as increased HbA,/total Hb ratio (0.040 [normal
0.018-0.032]) consistent with B-thalassemia trait (Viprakasit
et al., 2001).

Both brothers reported that they have skin peeling and hair
breaks when sick with fever.
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3.2 | Cellular and molecular characterization of the
temperature-sensitive TTD cases

3.2.1 | Response to UV light

About half of the reported TTD cases are PS-TTD and show an
altered cellular response to UV light due to defective NER (Orioli &
Stefanini, 2019). Thus, we measured the efficiency of NER activity on
global genome by UDS in primary skin fibroblasts from the new TTD
patients (TTD32PV, TTD34PV, TTD35PV, TTD37PV, and TTD38PV)
upon UV irradiation.

We found drastically reduced UDS levels in all patient fibroblast
strains (Figure 1a) implying that the temperature-sensitive TTD cases
are NER-defective PS-TTD cases. Classical complementation studies
in fusion tests assigned all patients to the XP-D group (Figure 1b),
pointing to defects in the ERCC2 gene that encodes the XPD subunit
of TFIIH.

3.2.2 | Novel ERCC2 variants

ERCC2 mutant alleles and their inheritance were investigated by
Sanger sequencing in patient and parent cells (Supporting Informa-
tion: Figures S1-S3). We found that TTD32PV carries the c.2074A>G
variant resulting in the p.Lys692Glu substitution in the paternal
ERCC2 allele and the c.1846C>T change leading to p.Arg616Trp in
the maternal allele (Figure 1c and Supporting Information: Figure S1).
So far, the p.Lys692Glu change has never been associated with a
pathological condition whereas p.Argé16Trp has been already
associated with both TTD and XP phenotypes and considered a “null
allele” (Taylor et al., 1997). Mutations on both ERCC2/XPD alleles may
however contribute to the thermo-sensitive TTD clinical manifesta-
tions as already shown for the broad range of and severity of clinical
features in XPD-defective XP patients (Ueda et al., 2009).

The siblings TTD34-35PV inherited from the father the
¢.335G>A mutation that results in the p.Argl12His change, a
frequently found alteration in PS-TTD cases (Orioli & Stefanini,
2019). A novel ¢c.2191-1G>A splice variant was inherited from the
mother. PCR amplification and sequencing of ERCC2 cDNA demon-
strates that the splice variant partially affects the recognition of
intron 22 acceptor splice site generating both a mutant transcript
that retains intron 22 (c.2190_2191ins intron 22) and a normally
spliced transcript (Supporting Information: Figure S2). Allele-specific
gRT-PCR assays showed that mutant and normal transcripts are
produced with the same efficiency each accounting for about 30% of
the total ERCC2 transcripts. Insertion of intron 22 alters the reading
frame and is predicted to result in a frameshift from position 731 that
runs into a stop codon 100 amino acids ahead, thus producing an 830
amino acid long protein (p.Glu731Valfs*100) that is longer than
normal XPD (760 amino acids) (Figure 1c).

Two novel ERCC2 variants were finally identified in the TTD37-
38PV brothers. The paternal allele carries the ¢.1963G>T missense
variant resulting in p.Asp655Tyr whereas the maternal allele carries

CWILEY—*

the ¢.1867dupG duplicating insertion predicted to result in the
frameshift p.Val623Glyfs*26 (Figure 1c and Supporting Information: -
Figure S3). However, the insertion could not be identified on
sequencing traces of PCR-amplified ERCC2 cDNA fragments (Sup-
porting Information: Figure S3) indicating poor expression. Investiga-
tions with allele-specific qRT-PCR assays confirmed that, in patient
cells, c.1867dupG is only found in 10% of the total ERCC2 transcripts
whereas the remaining 90% contain the c.1963G>T change.

In conclusion, all new cases are compound heterozygotes
carrying novel variants on at least one mutant ERCC2 allele. The
new variants are all extremely rare in the human population. In
particular, c¢.2074A>G (TTD32PV), ¢.2191-1G>A (TTD34-35PV), and
c.1963G>T (TTD37-38PV) are not found in the aggregate 150,000
human genomes available from the Genome Aggregation Database
(gnomAD v2.1.1). The ¢.1867dupG change (TTD37-38PV) is present
in gnomAD with low frequency (0,00005699) and no homozygosity
has been reported. CADD_phred v 1.5 scores greater than 20 (29.6
for p.Lys692Glu resulting from c.2074A>G and 24.5 for p.Asp655Tyr
resulting from ¢c.1963G>T) support damaging effect for the missense

changes.

3.2.3 | Cellular amount of the mutant TFIIH
complexes

PS-TTD-related XPD alterations typically result in reduced overall
cellular content of TFIIH complex (Botta et al.,, 2002; Vermeulen
et al., 2000, 2001). Consistently, immunoblot analysis of primary
fibroblast lysates demonstrated a relevant decrease in the steady-
state levels of XPD, p62, p44, and cdk7 subunits of TFIIH in all new
patients compared to the healthy donor C3PV (Figure 1d). In
fibroblasts from TTD32PV and TTD37-38PV siblings, the residual
amounts of the four TFIIH subunits correspond to about 40%-50%
of those of control. Differently, in TTD34-35PV fibroblasts, the levels
of p62, p44, and cdk7 are reduced to about 60% of normal whereas a
more drastic reduction to about 30%-35% is observed in XPD level
(Figure 1d). This is likely due to the fact that the predicted mutant
XPD protein p.Glu731Valfs*100 may not be detected by the XPD
antibody that is directed against the 728-760 epitope, largely
modified by the frameshift. Considering the protein amount of the
other TFIIH subunits, we can assert that all the newly identified
XPD alterations cause TFIIH instability, in agreement with previous

findings.
3.3 | Functional studies in patient primary
fibroblasts

3.3.1 | Temperature effect on the mutant TFIIH
complexes

To verify whether temperature impacts the stability and functionality
of TFIIH complexes containing the newly identified mutant XPD

85UB017 SUOWILLIOD 3AIIER.D 3deat|dde aUj Aq paueA0B 812 ST VO '35N JO S3INJ 0} ARIq1T BUIUO AB|IA UO (SUORIPLIOD-PUR-SWRIALIOD™A8 | IM° AReAq)| U1 |UO//SANY) SUORIPUOD Pue swis | 8y} &8s *[2202/TT/20] uo Ariqiaulluo A8|IM Bined 1Q BISRAIUN AQ 88YZ NLUNU/Z00T OT/I0P/W0D A8 M ARIq 1 BU1IUO//SARY WO14 papeo|umod ‘0 ‘#00TS60T



LANZAFAME ET AL.

-
s

homodikaryons

—~
V)
~
—~
O
~

120 M

- [[]patient [ fusion partner [£] heterodikaryons
31004 0 100
) @ TTD32PV TTD34PV TTD38PV
2 80 < 804
3 60 E 60
£ - —_ -
E 3
£ 404 E 40-
£ <
©
6 20 .% 20
0 o 0-L
QA QA QA QA QA QA QA QA Fgglrt])gr XP-D TTD-A XP-D XP-C XP-D TTD-A
S5 C;oony&b C’rbo'go“’% P TTD20PV TTD14PV TTD22PV XP5PV ~ TTD8PV TTD14PV
Q& L A
(c) I S°3CysHis/Gly
Asp655Tyr, Zp - AV
Arg636Trp Sp ‘I'I'D:;PV
2
P Lys692Glu
TTD34-35PV1 Arg616Pro Gly713Arg
Arg112His Arg487Gly  Ala594P
Arg112Cys a ro Arg722Trp

Cys259Tyr  Arg378His

|
GO | I | ARCH |
i A

Ser23del Glu317Aspfs*110 Phe568Tyrfs*2  GIn662* Glu731Argfs*14
. Lys603Serfs*45  GIn698*
Leu461VaI \Val716_Arg730del

Leu461ValArg717Gly J;ESDS’;G:}%\QG
"""""""""""""""""""""" i Thr460 Met493del
Thrag2del  \/1488 Meta93del

Thr460ins34

Glu731_Gly735delins42
Glu731Glyfs*50

TTD34-35PV2
Glu731Valfs*100

(d)

> s ety e B Y S B B G St e Sy
C3PV TTD32PV C3PV TTD34PVTTD35PV C3PV TTD37PV TTD38PV %100
10 20 10 20 10 20 10 20 10 20 10 20 10 20 10 20 ug O 80
= == = o xen S
0
) ——  § ]
K le < 18
S| =S — o IS o 2 [ 17
7?)' 1Y 1Y
|-————||————~» A—II—-'—- —-|cdk7 %,20— : :
[————]] - | |y-tubulin S 0 14 § : 17 :
l L Y » TTD32PV TTD34PV TTD35PV TTD37PV TTD38PV

FIGURE 1 Cellular and molecular characterization of the TTD cases TTD32PV, TTD34PV, TTD35PV, TTD37PV, and TTD38PV. (a) UDS levels in
fibroblasts from the patients and the healthy donor C3PV following irradiation with 20 J/m? UV-C. Cells were pulse-labeled for 3 h with *H-thymidine
before processing. Reported values represent the mean = SEM (n = 50). (b) Complementation analysis of the UDS defect in heterodikaryons obtained
by fusion of TTD32PV, TTD34PV, and TTD38PV fibroblasts with reference strains. The mean number of autoradiographic grains per nucleus in
homodikaryons (patients, white columns; fusion partners, black columns) and in heterodikaryons (dotted columns) is shown. Reported values represent
the mean = SEM (n = 25). The horizontal lines indicate the grain number per nucleus in C3PV fibroblasts analyzed in parallel. (c) Aminoacid changes in
the XPD protein from mutations described in PS-TTD patients. The diagram shows the XPD protein with the helicase motifs in black; 4Fe-S and ARCH
domains are in gray. Missense changes are indicated by solid lines, truncations are indicated by triangles whereas in-frame deletions are represented by
dotted horizontal lines and insertions or deletion/insertions are indicated by white triangles. The complex allele carrying two combined alterations and
expressing both p.[Leu461Val; Val716_Arg730del] and p.[Leud461Val; Arg717Gly] (Horibata et al., 2015) is shown boxed. The codes of the new patients
are reported over the corresponding alterations; numbers 1 and 2 denote the different alleles; novel alterations are in bold. Mutation nomenclature
follows the format indicated at www.hgvs.org/mutnomen. Protein sequence refers to GenBank NP_000391.1. (d) Immunoblots of fibroblast lysates.
Ten and 20 pg of each lysate were separated on gels and blots were probed with antibodies against the TFIIH subunits XPD, p62, p44, and cdk7, and
the loading control y-tubulin (left). TFIIH subunit levels were normalized to y-tubulin and expressed as percentages of the values in C3PV fibroblasts
(right). Reported values represent the mean+SEM of three independent experiments. PS-TTD, photosensitive form of TTD; RS, RNA synthesis rate;
TTD, trichothiodystrophy; UDS, unscheduled DNA synthesis.

proteins, we monitored TFIIH subunit levels and complex activities in
patient cells following shift from standard 37°C to either lower (32°C)
or higher (41°C) temperature (Figure 2a). Investigations were carried
out on primary fibroblasts from patients TTD32PV, TTD34PV, and
TTD38PV representative of the new XPD alterations. Controls

included fibroblasts from (i) the healthy donor C3PV, (ii) TTD12PV,
TTD23PV, and TTD8PV patients representative of the most frequent
alterations in PS-TTD/XP-D cases (Supporting Information: Table S1)
but with no evidence of fever-dependent symptoms (Battistella &
Peserico, 1996 [TTD8PV], Supplemental Note [TTD12PV and
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FIGURE 2 Effect of temperature on TFIIH stability and activity. (a) Experimental scheme. Parallel cultures of primary fibroblasts were grown
at 37°C for 48 h and then either maintained at 37°C or moved to 32 or 41°C for additional 12 h before processing. (b-d) TFIIH (b), UDS (c), and
RS (d) levels in primary fibroblasts from the thermo-sensitive patients TTD32PV, TTD34PV, TTD38PV, and TTD22PV, the non-thermo-sensitive
patients TTD8PV, TTD12PV, and TTD23PV and the healthy donor C3PV. (b) Immunoblots of cell lysates were probed with antibodies against
the TFIIH subunits XPD, p62, p44, and cdk7, and the loading control y-tubulin. The levels of the different TFIIH subunits were normalized to
y-tubulin and expressed as the percentage of the values in C3PV fibroblasts grown at 37°C. TFIIH levels were then expressed as mean levels of
the analyzed subunits. (c) UDS was evaluated following a UV-C dose of 20 J/m?. For each sample the mean number of autoradiographic grains/
nucleus was calculated in at least 25 cells and then UDS levels were expressed as the percentage of the values in C3PV fibroblasts grown at
37°C. (d) RS was evaluated following a 1 h pulse with *H-uridine. For each sample the mean number of autoradiographic grains/nucleus was
calculated in at least 25 cells and then RS levels were expressed as the percentage of the values in C3PV fibroblasts grown at 37°C. All reported
values represent the mean + SEM of at least three independent experiments. *p <.05, **p <.01, ***p <.001 (Student's t-test).

TTD23PV]), and (iii) TTD22PV patient who carries a mutation that variations impact on TFIIH cellular content in a mutation-dependent

results in multiple out of frame XPD mutant proteins including the manner. Hence, they allow to define TTD22PV as a thermo-sensitive

p.Glu731Valfs*100 protein (Supporting Information: Table S1), also case although no relevant clinical information is available (Botta et al.,

predicted from a different mutation in the siblings TTD34-35PV. 2009). Thermo-instability directly affects the XPD protein since
Upon 12-h incubation at either 32 or 41°C, TFIIH cell content temperature has no significant effect on ERCC2 transcript amounts

was evaluated by immunoblot analysis using antibodies directed (Supporting Information: Figure S5).

against the XPD, pé2, p44, and cdk7 subunits (Supporting Concerning functionality, the increment of TFIIH amount at 32°C

Information: Figure S4). In parallel, TFIIH functionality in NER was was paralleled by a slight increase of UDS levels (from 30%-35% to
assessed by UDS assays after exposing the fibroblasts to UV 40% of C3PV in TTD32PV, TTD34PV, and TTD22PV and from 50%

irradiation whereas TFIIH activity in transcription was evaluated by to 55% in TTD38PV, Figure 2c) and normal RS levels (Figure 2d). In
measuring the overall RS. Notably, temperature shifts yielded a clear- contrast, the decrement of TFIIH concentration at 41°C was
cut distinction between non-thermo-sensitive and thermo-sensitive paralleled by a strong reduction of UDS levels (to 10%-30% of

cells (Figure 2b-d). TFIIH subunit amounts, UDS levels, and RS rates C3PV, Figure 2c) and a drastic reduction of RS rates (to 20%-70% of
at 32°C and/or 41°C remained similar to those observed at 37°C in C3PV, Figure 2d). Therefore, TFIIH thermo-instability finally results in
fibroblasts from C3PV as well as in fibroblasts from TTD12PV, temperature-dependent deficiencies in NER and transcription.
TTD23PV, and TTD8PV patients. In contrast, temperature-related

variations were observed in TTD32PV, TTD34PV, TTD38PV, and

TTD22PV fibroblasts (Figure 2b). In detail, temperature increment to 3.3.2 | Glycerol effect on the mutant TFIIH

41°C produced a significant drop in the amounts of all analyzed TFIIH complexes

subunits (to 30%-40% of C3PV) whereas temperature decrement to

32°C significantly increased their residual levels (from 40%-50% to Lowering the growth culture temperature of thermo-sensitive
60%-65% of C3PV). These findings demonstrate that temperature PS-TTD/XP-D fibroblasts to 32°C results in increased cellular
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content of the mutated XPD proteins. A reduced temperature is
known to promote the process of protein folding in in vitro-cultured
cells (Ulloa-Aguirre et al., 2004), suggesting temperature-dependent
mutant XPD misfolding. To clarify the nature of XPD alterations we
explored the effect of glycerol, a small polyol frequently used as a
chemical chaperone able to enhance the in vivo folding pathways of
proteins (Brown et al., 1997). Parallel samples of fibroblasts were
incubated for 12h in culture medium supplemented or not with
glycerol and, subsequently, the amount of XPD and other TFIIH
subunits as well as the UDS and RS levels were evaluated (Figure 3a).
Of note, we found that glycerol supplementation significantly
increased TFIIH amount in TTD32PV, TTD34PV, TTD38PV, and
TTD22PV fibroblasts incubated at 41°C, approaching the levels
detected in cells grown at 37°C (Supporting Information: Figure Sé6
and Figure 3b). No effect of glycerol was instead observed in cells
from the non-thermosensitive cases TTD8PV, TTD12PV, and

(@)

TTD23PV (Supporting Information: Figure Sé). TFIIH increment was
paralleled by significantly higher UDS and RS levels (Figure 3c,d).
Thus, glycerol can prevent the drastic quantitative drop of TFIIH
subunits and the consequent aggravation of TFIIH complex dys-
function observed at high temperatures in thermo-sensitive patient
cells. This indicates that thermo-sensitivity of mutant XPD subunits
can be at least partially rescued by a molecular chaperone promoting

protein folding.

4 | DISCUSSION

We have identified four novel alterations in the XPD subunit of
the DNA repair/transcription factor TFIIH (namely, p.Asp655Tyr,
p.Lys692Glu, p.Val623Glyfs*26, and p.Glu731Valfs*100) in three
families with PS-TTD cases characterized by episodic and reversible
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FIGURE 3 Effect of glycerol on TFIIH stability and activity. (a) Experimental scheme. Parallel cultures of primary fibroblasts were grown at
37°C for 48 h and then incubated either at 37 or 41°C in the presence or absence of 0.66 M glycerol for further 12 h before processing. (b-d)
TFIIH (b), UDS (c), and RS (d) levels in primary fibroblasts from TTD32PV, TTD34PV, TTD38PV, and TTD22PV and the healthy donor C3PV.
(b) Immunoblots of cell lysates were probed with antibodies against the TFIIH subunits XPD, p62, p44, and cdk?7, and the loading control
y-tubulin. The levels of the different TFIIH subunits were normalized to y-tubulin and expressed as the percentage of the values in the
corresponding C3PV samples. TFIIH levels were then expressed as mean levels of the analyzed subunits. (c) UDS was evaluated following a
UV-C dose of 20 J/m?. For each sample the mean number of autoradiographic grains/nucleus was calculated in at least 25 cells and then UDS
levels were expressed as the percentage of the values in the corresponding C3PV samples. (d) RS was evaluated following a 1 h pulse with
3H-uridine. For each sample the mean number of autoradiographic grains/nucleus was calculated in at least 25 cells and then RS levels were
expressed as the percentage of the values in the corresponding C3PV samples. All reported values represent the mean = SEM of at least three
independent experiments. *p < .05, **p <.01, ***p <.001 (Student's t-test). RS, RNA synthesis rate; TFIIH, transcription factor IIH; UDS,
unscheduled DNA synthesis.
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aggravation of symptoms concurrently with febrile episodes. Similar
fever-related severity of clinical features was earlier reported in four
patients, three of whom were consanguineous (Hansen et al., 1993;
Kleijer et al., 1994). The previously described affected individuals all
carried an identical mutation leading to the amino acid substitution
p.Arg658Cys in XPD (Vermeulen et al., 2001). Our study further adds
to thermo-sensitive clinical presentations in PS-TTD showing that
this peculiar phenotype may be related to different sets of XPD
alterations.

Considering all XPD mutations so far related to the thermo-
sensitive PS-TTD phenotype (this paper and Vermeulen et al., 2001),
we can state that they map to the C-terminal third of the XPD
protein, as it is for the majority of disease causing changes in XPD
(Figure 1c). The high-resolution cryo-electron microscopy structures
of the entire human TFIIH (Greber et al., 2019; Yan et al.,, 2019)
highlighted that PS-TTD mutations are generally located in alpha-
helix structures at the periphery of XPD and are predicted to affect
XPD interactions within the complex by disrupting protein-protein
interfaces, either directly or through breaks in helices at interfaces.
Thus, PS-TTD mutations weaken the assembly of TFIIH subunits, as
demonstrated by the reduced levels of TFIIH complex typically found
in all PS-TTD cells (Botta et al., 2002; Vermeulen et al., 2000, 2001).
In fibroblasts from the newly identified thermo-sensitive cases, the

degree of TFIIH reduction is further aggravated upon incubation at
41°C, as previously reported for cells carrying the XPD variant
p.Arg658Cys (Vermeulen et al, 2001). Of note, among all the
mutations related to thermo-sensitivity, missense changes affect the
residues Asp655, Arg658, and Lys692 that are in close proximity in
the 3D structure of XPD (Figure 4a), suggesting a temperature-
sensitive spatial peptide cluster. Investigations in thermo-sensitive
patient cells also demonstrated that the reduced cellular content of
mutant XPD proteins and, by consequence, of other TFIIH subunits
could be partially rescued by dropping culture temperature to 32°C
or by exposing cells to the molecular chaperone glycerol (Figures 2
and 3). Both treatments favor the protein folding process, supporting
the notion that XPD thermo-sensitive alterations might result in
temperature-dependent misfolding. Furthermore, by the ESBRI
online tool (http://bioinformatica.isa.cnr.it/ESBRI/, Costantini et al.,
2008) residues Asp655, Arg658, and Lys692 are predicted to form
networks of salt bridges (Supporting Information: Table S4). Salt
bridges in proteins are formed between oppositely charged residues
that are sufficiently close to each other to experience electrostatic
attraction. They play an important role in maintaining protein
structure and may contribute to protein stability at high temperatures
(Bosshard et al., 2004; Folch et al., 2008). Among the 34 salt bridges
predicted in silico in XPD, several involve the thermo-sensitive
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FIGURE 4 Insights in the XPD protein. (a) 3-D structure of the human XPD protein (PDB 6nmi, chain B; molecular graphic performed with

UCSF Chimera (https://www.cgl.ucsf.edu/chimera/ (Pettersen et al., 2004)). The different domains are shown in colors; the two Rec-A like
helicase motor domains HD1 and HD2 in yellow and white, respectively; the 4Fe4S domain in green; the ARCH domain in orange; and the
C-terminal domain in dark magenta. Residues affected by thermo-sensitive missense mutations are boxed. On the right, visualization of salt
bridges involving these residues (ProteinTools, https://proteintools.uni-bayreuth.de/salt/; Ferruz et al., 2021). The software automatically
computes the fraction of charged residues (FCR) and the kappa value (k) according to CIDER (Classification of Intrinsically Disordered Ensemble
Regions, http://pappulab.wustl.edu/CIDER/) and renders salt bridges in proteins with a distance cut-off between residues participating in salt
bridges below 4 A. (b) Overall distribution of salt bridges in the XPD sequence as predicted by ESBRI (http://bioinformatica.isa.cnr.it/ESBRI/).
Atomic coordinates of the 6nmi PDB structure were provided and analyzed for chain B, with a 4.0 A distance between charged residues. Salt
bridges involving residues from position 609 to 692 are in orange.
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residues. In particular, a salt bridge directly links residues Arg658 and
Asp655. One additional salt bridge links Asp655 and His659 whereas
four are formed between Argé658 and Asp240. In addition, two salt
bridges link Lys692 to Asp650 and Asp688 (Figure 4a, right panel,
Supporting Information: Table S4). Considering that proteins fold into
their native structures by an interplay of various noncovalent
interactions (which include ionic interactions and salt bridges), we
are tempted to speculate that mutations at residues Asp655, Argé58,
and Lys692, may result in thermo-sensitive forms of XPD protein by
perturbing the balance between salt bridges formation and folding.
Although our observation remains speculative, it is worth noticing
that a large number of XPD salt bridges (18 out of 34) involve
residues mapping from position 609 to 692 (Figure 4b), likely
indicating a protein region relevant for temperature sensitivity.

Worsening of mutant TFIIH instability by high temperature causes
an aggravation of TFIIH functional deficiencies (Figure 2). On the other
hand, partial rescue of TFIIH cellular amount by temperature reduction
improves the functional efficiency of the complex (Figure 2). These
findings highlight how variations in the cellular concentration of
mutated TFIIH impact on its functionality and provide evidence on
how both quantitative and qualitative TFIIH alterations contribute to
the PS-TTD phenotype. Furthermore, our findings provide a rationale
for the TTD thermo-sensitive clinical features. It is likely that when a
patient with a thermo-sensitive XPD mutation has fever, the stability,
and functionality of TFIIH decrease leading to aggravation of
symptoms. This highlights the relevance of preventing fever crises
which exacerbate disease manifestations. Intriguingly, in the thermo-
sensitive patients only specific clinical features show fever-dependent
aggravation, namely hair fragility, gait defects, and skin alterations. It
has been proposed that the diverse clinical manifestations of PS-TTD
reflect subtle defects in RNAPII transcription, which, though compati-
ble with life, impair specific gene functions that require high levels of
transcription (de Boer et al., 1998). In most cells, continuous de novo
synthesis of the complex may, at least in part, compensate for TFIIH
instability. However, in terminally differentiated tissues specific sets of
genes are transcribed at very high rate and unstable TFIIH complexes
may be depleted before terminal differentiation is complete. This
phenomenon becomes more pronounced in TTD patients carrying
thermo-sensitive alterations, when high body temperature further
destabilizes TFIIH.

In conclusion, we report novel thermo-labile variants of the XPD
subunit of the TFIIH complex that might reflect protein folding
alterations. By functional investigations in PS-TTD patient cells
carrying the novel XPD variants, we demonstrate the direct
relationship of quantitative variations in TFIIH cellular content and
its functional activities. These observations in XPD-defective
patients, strongly support the link between TFIIH amount and PS-
TTD symptoms.
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