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The cancer-free photosensitive trichothiodystrophy (PS-TTD) and
the cancer-prone xeroderma pigmentosum (XP) are rare mono-
genic disorders that can arise from mutations in the same genes,
namely ERCC2/XPD or ERCC3/XPB. Both XPD and XPB proteins be-
long to the 10-subunit complex transcription factor IIH (TFIIH) that
plays a key role in transcription and nucleotide excision repair, the
DNA repair pathway devoted to the removal of ultraviolet-
induced DNA lesions. Compelling evidence suggests that muta-
tions affecting the DNA repair activity of TFIIH are responsible
for the pathological features of XP, whereas those also impairing
transcription give rise to TTD. By adopting a relatives-based whole
transcriptome sequencing approach followed by specific gene ex-
pression profiling in primary fibroblasts from a large cohort of TTD
or XP cases with mutations in ERCC2/XPD gene, we identify the
expression alterations specific for TTD primary dermal fibroblasts.
While most of these transcription deregulations do not impact on
the protein level, very low amounts of prostaglandin I, synthase
(PTGIS) are found in TTD cells. PTGIS catalyzes the last step of
prostaglandin I, synthesis, a potent vasodilator and inhibitor of
platelet aggregation. Its reduction characterizes all TTD cases so
far investigated, both the PS-TTD with mutations in TFIIH coding
genes as well as the nonphotosensitive (NPS)-TTD. A severe im-
pairment of TFIIH and RNA polymerase Il recruitment on the PTGIS
promoter is found in TTD but not in XP cells. Thus, PTGIS repre-
sents a biomarker that combines all PS- and NPS-TTD cases and
distinguishes them from XP.

NER-defective disorders | TFIIH transcription | PTGIS

he transcription factor IIH (TFIIH) is a 10-subunits complex
involved in basal transcription, gene expression regulation,
and nucleotide excision repair (NER), the pathway capable of
removing the bulky DNA adducts induced by ultraviolet (UV)
light, environmental mutagens, and chemotherapeutic agents (1-5).
Mutations in either ERCC2/XPD (Online Mendelian Inheritance in
Man [OMIM]: 126340) or ERCC3/XPB (OMIM: 133510) genes
encoding the two largest subunits of TFIIH account for distinct
clinical entities, including xeroderma pigmentosum (XP) and the
photosensitive form of trichothiodystrophy (PS-TTD). Differently,
mutations in the GTF2H5/TTDA (OMIM: 608780) gene, which
encodes the smallest polypeptide of TFIIH, only give rise to PS-TTD.
Both XP and PS-TTD are rare recessive hereditary disorders.
While XP is characterized by high skin cancer predisposition and
progressive neurological degeneration (6), PS-TTD is a disease
with multisystem developmental defects whose major hallmark is
sulfur-deficient brittle hair caused by reduced levels of cysteine-
rich matrix proteins. TTD hair has characteristic alternating dark
and light transverse “tiger tail” bands on polarized microscopy
(7). This microscopic examination of cut hair is commonly used
for confirmation of the diagnosis of TTD with defects in different
genes. TTD patients exhibit other features of varying clinical se-
verity, which include ichthyotic skin, nail dysplasia, physical and
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mental retardation, decreased fertility, proneness to infections,
and signs of premature aging (6, 8, 9). Cutaneous photosensitivity
is observed in both XP and PS-TTD patients and is associated with
an altered cellular response to UV light caused by NER defects.
Differently from XP, PS-TTD patients do not develop premalig-
nant skin lesions and cutaneous tumors, with the only exception
being a mild 44-y-old case mutated in the GTF2H5/TTDA
gene (10).

To elucidate how mutations in the same gene may result in
distinct clinical entities and opposed skin cancer predisposition,
it has been suggested that XP pathological features are associ-
ated with mutations that mainly affect the DNA repair activity of
TFIIH, whereas those typical of PS-TTD also impair transcrip-
tion (11, 12). Indeed, persistence of NER proteins at the site of
damage and accumulation of unrepaired DNA lesions impairs
more XP than PS-TTD cells (13, 14). Moreover, several lines of
evidence support the relevance of transcriptional alterations in
the TTD pathological phenotype, including the observations that
TTD-specific mutations interfere with the basal transcription
activity of TFIIH in vitro (15) and impair its stability in vivo, thus
explaining the reduced TFIIH levels in PS-TTD (16, 17). Studies
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Xeroderma pigmentosum (XP) and trichothiodystrophy (TTD),
which may arise from mutations in the same genes, are distinct
clinical entities with opposite skin cancer predisposition. Whereas
XP is characterized by cutaneous photosensitivity and cancer
proneness frequently associated with neurodegeneration, TTD
shows hair anomalies, physical and mental retardation, and, in
50% of cases, cutaneous photosensitivity but no skin cancer de-
spite the accumulation of unrepaired ultraviolet-induced DNA
lesions. This study identifies a TTD-specific transcription deregu-
lation of PTGIS (prostaglandin I, synthase) that results in reduced
levels of prostaglandin I,. Reduced PTGIS is found in all TTD but
not in XP patients, thus representing a biomarker for this
disorder.
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in the PS-TTD mouse model or in patient cells demonstrated the
reduced expression of several genes in terminally differentiated
cells (18-25). Furthermore, the recent finding that among the
causative genes for nonphotosensitive (NPS)-TTD, which share
most of PS-TTD clinical features except skin photosensitivity,
GTF2E?2 encodes the p-subunit of the basal transcription factor
TFIIE, while CARS1 and TARSI are implicated in transcript
translation, supports the notion that gene expression alterations
are at the basis of TTD phenotypes (26-28).

With the aim to identify transcription deregulations account-
ing for PS-TTD clinical features and their diversity from XP, we
performed whole transcriptome sequencing in cells isolated from
PS-TTD family members. Widening the analysis to a large cohort
of PS-TTD and XP patients, we identified TTD-specific tran-
scriptional marks that were further investigated at the protein
level. PS-TTD but not XP fibroblasts synthetize reduced levels of
prostaglandin I, synthase (PTGIS), the enzyme that catalyzes the
isomerization of prostaglandin H, (PGH,), to prostaglandin I,
(PGI,). This transcriptional defect is caused by an almost absent
recruitment of TFIIH and RNA polymerase II (RNAP II) pro-
tein complexes on PTGIS promoter and affects not only PS- but
also NPS-TTD, indicating an involvement of PTGIS reduction in
TTD etiopathogenesis.

Results

Transcriptional Signature of TTD Skin Fibroblasts Cultured under
Basal Condition or after UV Irradiation. To define TTD-specific
transcriptional signatures, we compared RNA sequencing (RNA-
seq)-based transcriptomic maps of primary dermal fibroblasts
from a PS-TTD female patient (TTD7PV) with that of her healthy
mother. This strategy was designed to reduce the variability caused
by different genetic backgrounds. Most cases of PS-TTD are mu-
tated in the ERCC2/XPD gene and are hereafter indicated as PS-
TTD/XP-D. The TTD7PV patient is affected by a severe form of
the disorder and is compound heterozygous for one of the most
frequent PS-TTD alterations in XPD, the Arg722Trp substitution,
and for the complex alteration Leu461Val;Val716-Arg730del (29,
30). RNAs were collected from early-passage fibroblasts cultured
under basal condition or at 2 h after UV irradiation and processed
for RNA-seq (31). Interstrains (TTD7PV versus TTD7PVmother)
and intrastrain (basal condition versus UV irradiated) tran-
scriptome comparisons were performed to identify TTD-specific
transcription deregulations as well as the normal or PS-TTD
transcriptional response to UV irradiation. Differentially expressed
genes were identified using the CuffDiff software with a cutoff of
log,FC (fold change) < —1 and > +1 for the under- and overex-
pressed transcripts, respectively, and FDR-adjusted P < 0.05. We
identified 718 and 730 transcriptionally deregulated genes in PS-
TTD/XP-D compared to control fibroblasts in basal condition (S
Appendix, Table S1) and upon UV irradiation (S Appendix, Table
S2), respectively. Relevant of note, in TTD cells, the majority of
the identified genes are down-regulated, consistent with the re-
duced levels of TFIIH in these cells (Fig. 1 4 and B). Database for
Annotation, Visualization and Integrated Discovery (DAVID)
functional annotation clustering analysis revealed that in PS-TTD
cells cultured under basal condition, the transcriptionally altered
genes are mainly implicated in “developmental processes,” “cell
adhesion and cell communication,” “inflammatory and wound
healing response,” and “regulation of cell proliferation” (SI Ap-
pendix, Fig. S14). Upon UV irradiation, the differentially
expressed genes are involved in “cell signaling response,” “chon-
drocyte differentiation,” “platelet degranulation,” and “extracel-
lular matrix organization” (SI Appendix, Fig. S1B).

By deeply investigating the RNA-seq and computational data,
we found that normal human dermal fibroblasts respond to UV
irradiation by modifying the expression profile of 332 genes,
equally distributed between up- and down-regulated ones (Fig.
1C). The majority of the overexpressed genes encode proteins
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implicated in “transcriptional regulation” and “DNA-binding pro-
teins” gene ontology (GO) categories, pointing to a transcriptional-
mediated response to UV irradiation in human skin fibroblasts (SI
Appendix, Table S3). Differently, irradiated PS-TTD cells modulate
the expression of 502 genes, the majority of which are once more
down-regulated (Fig. 1C and SI Appendix, Table S4). Among the
502 genes, 250 are in common with the normal cellular response to
UV irradiation, whereas 252 occur specifically in patient fibro-
blasts. Moreover, after UV irradiation, PS-TTD fibroblasts fail to
regulate the expression of 82 genes, the majority of which should be
up-regulated (SI Appendix, Table S5). Functional annotation clus-
tering of the GO categories revealed that the 82 genes encode
proteins involved in “developmental processes.” It is conceivable
that some of these gene expression alterations might account for
the multisystemic nature and the developmental defects of TTD
pathological phenotype.

Identification of the TTD-Specific Gene Expression Profile. In the
attempt to identify transcriptional deregulations that might ac-
count for TTD clinical features, we selected the 174 genes that
according to Integrative Genomic Viewer showed the highest
deregulation in all TTD7PV sample replicates in comparison
with the control TTD7PVmother replicates (SI Appendix, Table
S6). The expression level of the 174 genes was then investigated
by RT-PCR with RealTime ready Custom Panel in RNA pools
obtained by mixing equal amounts of total RNAs isolated from
skin fibroblasts of either four PS-TTD/XP-D patients (TTD7PV,
TTD12PV, TTD15PV, and TTD23PV) or four PS-TTD parents
(TTD12-15PVmother, TTD12-15PVfather, TTD7PVmother, and
TTD7PVfather). The selected patients are all severely affected
and are compound heterozygous for the most frequent XPD al-
terations associated with TTD, namely, the Argl12His and the
Arg722Trp amino acid changes (SI Appendix, Table S7). By
comparing the expression levels of the 174 genes in RNA pools
from PS-TTD or control fibroblasts cultured under basal condi-
tion or after UV irradiation (SI Appendix, Tables S8-S11), we
identified 61 genes with an FC higher than +|2| (Fig. 1D), among
which WISP2 represents the most deregulated one in PS-TTD/XP-
D with a FC of —11,726 and —45,203 in basal condition and upon
UV exposure, respectively. Consistent with our previous obser-
vations, the matrix metalloprotease 1 (MMP-1) is included in the
list of the most deregulated genes. We recently addressed the
relevance and the impact of MMP-1 transcription deregulations on
the skin of PS-TTD patients (25); therefore, no further investi-
gations have been performed on this gene in the present study.
For the remaining 60 genes, we established real-time RT-PCR
analysis in single patient fibroblasts from seven PS-TTD cases,
representative of different types and combinations of mutated
XPD alleles (SI Appendix, Table S7). The expression levels ob-
served in PS-TTD cells were compared with those identified in
fibroblasts from the corresponding healthy parents analyzed in
parallel. By increasing the size of the patient and control cohorts,
we could reduce to 14 the list of genes differentially expressed in
all PS-TTD/XP-D cells strains (Fig. 2 and SI Appendix, Figs. S2
and S3 and Table S12). In particular, the expression of ANGPTL4,
c-Jun, EGRI1, IER3, GADD45A, GADD45B, and ID3 in control
fibroblasts appears modulated by UV irradiation, while in PS-
TTD cells, it is reduced both in basal condition and after UV ir-
radiation (Fig. 24 and SI Appendix, Fig. S2). The transcription
deregulation does not involve other UV-responsive genes, as
attested by the proper up-regulation of the early responsive c-Fos
gene in PS-TTD/XP-D cells (SI Appendix, Fig. S4) (32). Moreover,
the expression of IL20RB, PTGIS, CLU, ID1, JunD, WISP2, and
WNTH4, which are not modulated by UV exposure, is strongly re-
duced in PS-TTD (Fig. 2B and SI Appendix, Fig. S3).

With the aim to define whether these gene expression dereg-
ulations also impair XP/XP-D cells, we extended the real-time
RT-PCR analysis to single patient fibroblasts isolated from five
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Fig. 1. Schematic representation of the genes differentially expressed in TTD7PV skin fibroblasts compared to those from the healthy TTD7PVmother. (A and B)
In total, 718 and 730 genes are differentially expressed in TTD7PV fibroblasts cultured under basal condition (A) or 2 h after 10 J/m? UV irradiation (B), respectively.
Red and blue bars indicate the up- and down-regulated genes, respectively. (C) Venn diagram and schematic representation of the transcript coding genes whose
expression is modified following UV irradiation in TTD7PVmother (green, 332 genes) or TTD7PV (yellow, 502 genes) fibroblasts. The expression of 250 genes is
commonly modified in TTD and control cells in response to UV light, whereas the transcriptional alteration of 82 and 252 genes occurs specifically in the control
and patient fibroblasts, respectively. Red and blue bars indicate the up- and down-regulated genes, respectively. (D) Scatter plots in logarithmic scale representing
the comparison of the 174 messenger RNA levels [log,(—ACt)] found in the TTD patient RNA pool versus healthy parent RNA pool from fibroblasts cultured in
basal condition (Left) and upon UV irradiation (Right). Only values with a log, fold change higher than +|2| are indicated (gene names and fold change values, S/
Appendix, Table $S12). The previously identified deregulated gene (MMP1) in TTD cells and the most down-regulated gene found in this study (WISP2) have been
pinpointed. The black line indicates fold changes of 1 (=no deregulation), whereas the pink lines correspond to log, fold changes =+|2|.
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Fig. 2. Gene expression deregulation in XP-D cells. (A and B) Transcription profile of the UV-responsive genes EGR1, ID3, c-Jun, IER3, ANGPTL4, GADD45B,
and GADD45A (A) and the UV-unresponsive genes IL20RB, PTGIS, JunD, CLU, WISP2, WNT4, and ID1 (B). Graphs indicate the mean values of the transcript
levels analyzed by real-time RT-PCR in single-strain fibroblasts from healthy control (CTR; namely, TTD12PV-15PV parents, TTD11PV parents, and TTD7PV
parents; black bars), TTD/XP-D (namely, TTD12PV, TTD15PV, TTD11PV, TTD7PV, TTD23PV, TTD20PV, and TTD8PV; red bars), and XP/XP-D (XP15PV, XP-16PV,
XP17PV, XP49BR, and XP1BR; blue bars) individuals. Fibroblasts were cultured under basal condition (not treated [NT]; solid bars) or after UV irradiation (UV;
empty bars). The single-strain values normalized to the expression of the GAPDH housekeeping gene are indicated in S/ Appendix, Figs. S2 and S3. The
reported values represent the means of at least two independent experiments, whose samples have been analyzed in triplicate (*P < 0.05, **P < 0.01, and
**%P < 0.001; Student’s t test; only the significant differences are shown). Bars indicate the SEs.
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XP patients also mutated in the ERCC2/XPD gene and homo-
zygous or combined heterozygous for the Arg683Gln or Arg683Trp
substitutions (SI Appendix, Table S7), the most frequent XPD al-
terations associated to XP (33). Among the deregulated genes,
ID3, EGRI, IER3, IL20RB, PTGIS, and CLU are more distinctive
of the PS-TTD phenotype, with the exception of XP16PV cells
showing an expression profile similar to TTD cells. In contrast,
ANGPTLA, c-Jun, GADD45B, JunD, WISP2, and WNT4 are tran-
scriptionally deregulated both in TTD and XP cells. Moreover,
GADD45A and ID1 appear to be up-regulated in XP cells, thus
behaving in an opposite way compared to PS-TTD (Fig. 2 and
SI Appendix, Figs. S2 and S3).

Reduced Levels of PTGIS Characterize PS-TTD/XP-D Primary Dermal
Fibroblasts. We next searched whether the PS-TTD/XP-D gene
expression deregulations impact the amount of the corresponding
encoded proteins, thus contributing to the typical TTD clinical
features. Western blot analysis of whole-cell extracts isolated from
several XP-D patients (either TTD or XP) and healthy individuals
was carried out (Fig. 3 and SI Appendix, Fig. S5). While the im-
munoblots with anti-WNT4, -IL20RB, and -ID3 did not reveal any
detectable protein band, likely because of their low expression
levels (SI Appendix, Table S12) and/or extracellular secretion, the
amount of ANGPTLA protein in control, TTD, and XP fibroblasts
appears abundant and constant among the different samples (S
Appendix, Fig. S5) despite the strong transcriptional reduction in
all XP-D cells (Fig. 2). An interindividual variability of WISP2,
ID1, CLU, EGR1, c-Jun, JunD, and GADD45A protein amounts
is observed among the different samples, and the differences do
not correlate with the transcript levels or patient phenotypes.
Therefore, most of the severe transcription deregulations affecting
PS-TTD fibroblasts seem to be compensated by protein synthesis
and/or protein stability (SI Appendix, Fig. S5). However, we found
a drastic reduction of PTGIS protein in all the PS-TTD/XP-D
fibroblasts cultured under basal condition as well as after UV ir-
radiation (Fig. 3). In comparison to healthy individuals, either
family members or genetically unrelated donors, PTGIS is strongly
reduced in TTD/XP-D fibroblasts irrespective of whether the
patients are homozygotes or compound heterozygotes for ERCC2/
XPD mutations (Fig. 3 A-C and SI Appendix). A strong PTGIS
reduction is also observed in thermo-sensitive TTD cells
(TTD1RO) cultured at either 37 °C or 41 °C, the latter being a
condition that further increases the instability of the TFIIH
complex in these patients (SI Appendix, Fig. S6) (17, 34). Differ-
ently, only a very mild reduction of PTGIS protein level is ob-
served in XP/XP-D fibroblasts (Fig. 3D), indicating that PTGIS
defect correlates with TTD rather than XP clinical features.

Next, we extended the gene expression profile and immuno-
blot analysis on mouse embryonic fibroblasts (MEF) isolated
from the PS-TTD mouse model homozygous for the XPD?7??"
allele (35). The TTD mouse resembles many of the human
syndrome clinical features (such as brittle hair, UV sensitivity,
growth delay, reduced fertility, and short lifespan), but contrary
to humans, it was reported to develop skin cancer after UV ir-
radiation (36). Interestingly, most of the transcription deregula-
tions found in PS-TTD/XP-D patient fibroblasts are also retained
in MEFs from the PS-TTD mouse model (SI Appendix, Fig. S7),
including the reduced PTGIS expression. Thus, the altered ex-
pression of this set of genes correlates with PS-TTD clinical fea-
tures. However, despite the marked transcriptional defect, no
PTGIS protein reduction is observed in MEFs or in any other TTD
mouse tissues, not even in the skin (Fig. 3 E and F), indicating that
PTGIS protein reduction is specific of PS-TTD/XP-D human pa-
tients. Conversely, the presence of PTGIS protein correlates with
the feature of XP patients or TTD mouse model to develop skin
cancer in response to UV irradiation.
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Reduced PTGIS Levels as a Biomarker for Both PS- and NPS-TTD. To
understand to what extent PTGIS reduction contributes to TTD
clinical features, the PTGIS expression level by real-time RT-PCR
and immunoblot analysis were extended to other PS-TTD cases
with mutations in either ERCC3/XPB or TTDA genes as well as to
NPS-TTD cases with mutations in MPLKIP/TTDNI1, GTF2E?2,
CARSI, or TARSI genes (Fig. 4). A significant reduction of both
transcript and protein levels was found in all TTD primary dermal
fibroblasts analyzed, irrespective of the causative gene or the type
of mutations causing the TTD phenotype (Fig. 4 A and B).

Chromatin immunoprecipitation (ChIP) analysis has been then
carried out to investigate the dynamic of TFIIH and the hypo-
phosphorylated form of RNAP II (RNAP IIA) on PTGIS pro-
moter. Both factors are essential elements of the transcription
preinitiation complex (PIC) that assembles on active gene pro-
moters. Antibodies directed against RNAP IIA or XPB subunit of
the TFIIH complex were used to immunoprecipitate the chro-
matin of primary dermal fibroblasts from TTD or XP patients or
healthy individuals. PCR amplification of the coimmunoprecipi-
tated genomic DNA fragment spanning the 5’ region of PTGIS
transcript allowed for the detection of the transcription machinery
occupancy on this gene (Fig. 4C). Compared to control cells, very
low levels of RNAP IIA and TFIIH were observed in all TTD
samples analyzed independently of the causative gene (Fig. 4D).
In XP/XP-D cells, the PIC recruitment on PTGIS promoter was
less severely affected. These findings indicate that TTD- more than
the XP-specific alterations impact the recruitment of the tran-
scription apparatus on PTGIS promoter, thus leading to PTGIS
transcriptional impairment and, in turn, to reduced protein amounts
in both PS-TTD and NPS-TTD primary dermal fibroblasts.

Discussion

Compelling evidence suggests that TTD cells are characterized
by transcriptional impairments that may ascribe for various
clinical features in patients, including hypoplasia of adipose tis-
sue (21), developmental and neurological defects (22, 24), and
joint and bone alterations (23, 25). The identification of a gene
expression signature specific for TTD represents a useful tool
both for the identification of the molecular faults responsible for
TTD clinical features and to facilitate patient diagnosis.

In the present study, we identify the transcription alterations
specific for TTD skin fibroblasts by first comparing the whole
transcriptome from a single ERCC2/XPD-defective TTD patient
with that of the corresponding healthy mother and thereafter by
expanding the gene expression analysis to a large cohort of PS-
TTD and XP patients carrying differently mutated ERCC2/XPD
alleles. The advantage of comparing patients and healthy par-
ents’ gene expression profiles is directed to reduce the expression
variability caused by different genetic backgrounds.

Overall, 14 distinct genes have been found to be consistently
deregulated in patient cells. Besides GADD45A4 and IDI that
show an opposite transcription deregulation in PS-TTD and XP
cells, EGRI1, IER3, ID3, IL20RB, PTGIS, and CLU are down-
regulated in TTD, while ANGPTL4, GADD45B, c-Jun, WNTH4,
WISP2, and JunD are deregulated in all XP-D cases. As TFIITH
was shown to activate the expression of specific subsets of target
genes through the phosphorylation of defined transcription ac-
tivators or repressors (19, 21, 23, 25, 37, 38), it is tempting to
speculate that the gene deregulations occurring both in TTD and
XP cells are caused by TFIIH malfunctioning independently on
the type of XPD alterations. In contrast, TTD-specific tran-
scription deregulations are likely ascribed to the reduced levels
of TFIIH, which are known to characterize TTD cells (16, 17).

When analyzed at the protein level, most of the transcription
deregulations characterizing TTD fibroblasts do not end up in
protein amount alterations, indicating that human cells have the
means to compensate for the drastic consequences of tran-
scription deficiency. This does not hold true for PTGIS, whose
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Fig. 3. PTGIS protein amount in XP-D human and mouse cell/tissues. (A-D) Immunoblot analysis of PTGIS in total protein extracts from (A) healthy human
control (C3PV and TTD12-15PV parents; black empty bars) and TTD/XP-D (TTD12PV and TTD15PV; black solid bars) primary skin fibroblasts cultured under
basal condition (NT) and 2 h after UV irradiation; (B) healthy control (C3PV; black empty bar), TTD/XP-D (TTD20PV and TTD23PV; black bars) primary skin
fibroblasts cultured under basal condition (NT) and 2 h after UV irradiation; (C) healthy control (C3PV; black empty bar) and TTD/XP-D (TTD11PV, TTD24PV,
and TTD35PV; black solid bars) primary skin fibroblasts; and (D) healthy controls (C3PV, mother and father of XP15-16PV siblings; black empty bars) and XP/XP-
D (XP15PV and XP16PV; gray bars) fibroblasts cultured in basal condition (NT) and 2 h after UV irradiation. The signals were quantified and normalized to the
y-tubulin amount. (E and F) Immunoblot analysis of PTGIS in total protein extracts from (E) wild-type (WT; white bars) and PS-TTD/XP-D (black bars) MEF; (F)
WT (black empty bars) and TTD/XP-D (black solid bars) mouse skin. y-tubulin was used as the loading control. The diagram below each blot represents the
mean values of at least three independent experiments. Bars indicate SEs. Arbitrary unit, au.

protein content is drastically reduced in all the TTD fibroblasts
so far analyzed, both PS-TTD (with mutations in ERCC2/XPD,
ERCC3/XPB, or GTF2H5/TTDA genes) and NPS-TTD (with
mutations in MPLKIP/TTDNI1, GTF2E2, CARS1, or TARSI
genes). The finding that PTGIS impairment always occurs at
transcriptional level, even in CARSI- and TARS1-defective cells
whose gene products are not known to be directly involved in
transcriptional processes, suggests that PTGIS reduction is not
the result of TFIIH malfunctioning but rather represents a TTD-
specific dysfunction that is strictly associated with the TTD clinical
framework. Alternatively, PTGIS transcriptional failure may rep-
resent a TTD common defect that derives from distinct mecha-
nistic alterations, each related to the mutated causative gene.
PTGIS is a protein of 500 amino acids that contains a heme-
binding site in position 441 and a single transmembrane domain
in its most N-terminal 20 amino acids. PTGIS is bound to the
endoplasmic reticulum membrane, where it catalyzes the con-
version of PGH, to the lipid mediator PGIL, (39). Low levels of
PTGIS and, in turn, reduced PGI, amounts likely contribute to
the multisystemic nature of TTD clinical features. Indeed, PGI,
is considered a potent endogenous vasodilator that acts by
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relaxing smooth muscle, preventing platelet aggregations, and
dissolving the existing platelet aggregates (40). Several studies
have shown genetic variations affecting PGI, levels in human
blood and urine (41, 42). In particular, reduced levels of PGI,
have been reported to be a risk factor for high blood pressure,
systolic hypertension, and myocardial and cerebral infarction in
the over 50 population (43-45). Whereas the risk of cardiovas-
cular diseases has been rarely reported in TTD patients, likely
because of their very short average life (46), cerebral infarction
has been described in these patients (7).

Recently, it has been shown that PGI, regulates the innate and
adaptive immune system by modulating the function of dendritic
cells, macrophages, monocytes, endothelial cells, and eosinophils.
Moreover, it was demonstrated to have an immune-modulatory
effect on B and T cells (ref. 40 and references therein). Consid-
ering that TTD patients suffer from severe and recurrent infec-
tions, particularly at the level of the respiratory tract (8, 9),
associated with hypogammaglobulinemia and neutropenia (47), it
is conceivable that reduced levels of PTGIS may contribute to an
altered immune response in these individuals.
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Fig. 4. PTGIS deregulation in PS-TTD and NPS-TTD. (A) Graphs indicate the mean values of the transcript levels analyzed by real-time RT-PCR in single-strain
fibroblasts from healthy controls (CTR; white bars), TTD (PS-TTD/XP-D, PS-TTD/XP-B, PS-TTD/TTD-A, NPS-TTD/MPLKIP, NPS-TTD/GTF2E2, and NPS-TTD/TARS1;
black bars), and XP-XP-D (gray bar). The single-strain values were normalized to the expression of the GAPDH housekeeping gene. The reported values
represent the means of at least two independent experiments, whose samples have been analyzed in triplicate. Bars indicate the SEs. (B) Inmunoblot analysis
of PTGIS in total protein extracts from healthy control (TTD12-15PV father and C3PV; white bar), PS-TTD (TTD6VI/XP-B, TTD12PV/XP-D, TTD14PV/TTD-A,
TTD1BR/TTD-A, and TTD28PV/TTD-A; black bars), and NPS-TTD (TTD16PV/MPLKIP, TTD31PV/MPLKIP, TTD379BE/GTF2E2, TTD18PV/TARS1, and RD251/CARST;
black bars) skin fibroblasts. The signals were quantified and normalized to the y-tubulin amount. The diagrams below represent the mean values of at least
three independent experiments. Bars indicate SEs. (C) Schematic organization of the genomic fragment included between nucleotides —3,000 + 5,571 of
PTGIS gene (GenBank accession number NG_007940.1). The spotted and tessellated boxes are the CT-rich and GC-rich regions of PTGIS promoter, respectively.
Introns are shrunk to a minimal length. Exons are indicated with solid black boxes. The light gray box indicates the 3’ untranscribed region. Horizontal broken
lines delimitate the position of the fragment amplified by quantitative ChIP assays (amplicon location: | +205/+324). (D) RNAP IIA and TFIIH (XPB) occupancy
on the proximal intron of PTGIS promoter in healthy (white bars), PS- and NPS-TTD (black bars), and XP/XP-D (gray bar) primary dermal fibroblasts. The values
are the mean of at least two independent experiments (**P < 0.005, ***P < 0.001; Student'’s t test).

In contrast, overproduction of PGI, appears to sustain cancer
progression. Coculturing experiments demonstrated that PGI,-
expressing cells or even a stable analog of PGI, (carbaprosta-
cyclin) can reduce apoptosis in human colorectal cancer cells and
sustain tumor cell survival (48). It has been demonstrated that
under hypoxic conditions, the expression of PTGIS is induced in
human lung fibroblasts and cancer cell lines, an event that is
paralleled by a translocation of PTGIS protein from the cyto-
plasm to the nucleus (49). The restriction of oxygen (hypoxia)
and nutrients are events that occur in the tumor-surrounding area
and lead to the activation of the hypoxia-signaling pathway and the
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hypoxia-inducible factors. Indeed, an overproduction of PGI, has
been observed in cancer-associated stromal fibroblasts (CAFs)
that surround the human colorectal cancer cells but not in the
fibroblasts from normal colonic tissue. By activating the peroxi-
some proliferator-activated receptor (PARP)d-mediated tran-
scription, PGI, leads to increased levels of the proangiogenic
vascular endothelial growth factor (VEGF) in CAF fibroblasts
that, in turn, contributes to the formation of new blood vessels
(angiogenesis) and tumor growth (49, 50). In addition, various
pharmacological and experimental animal studies attest to the
relevance of cyclooxygenase (COX)-derived prostaglandins in the

PNAS | 70of9
https://doi.org/10.1073/pnas.2024502118


https://doi.org/10.1073/pnas.2024502118

Downloaded at Univ Studi di Pavia on June 22, 2021

progression of nonmelanoma skin tumors, such as squamous cell
carcinoma (SCC) and basal cell carcinoma. Indeed, depletion of
the upstream and key enzyme COX-2 in the prostaglandin bio-
synthetic pathway makes the mouse skin resistant to SCC (ref. 6
and reference therein). Taking into account that TTD patients do
not develop skin cancer despite the accumulation of unrepaired
DNA damage (9), it is tempting to speculate that the reduced
amount of PGI, may be insufficient to exert the proinflammatory
and anti-apoptotic function in TTD patient tissues. This event
combined with other factors, including the extracellular matrix
(ECM) alterations previously demonstrated, may counteract the
tumor growth in TTD (23, 25). Differently from humans, we found
that the PTGIS transcription deregulation in the TTD mouse
model is compensated at the protein level (Fig. 3 E and F), in
agreement with the ability of these mice to develop skin cancer
after UV irradiation. This notion may help explain the yet un-
solved discrepancy in UV-induced skin cancer susceptibility be-
tween patients and the TTD mouse (36).

Finally, recent evidence suggests that various prostaglandins
play a role in regulating hair growth. In particular, PGE, protects
from radiation-induced hair loss in mice, PGD, inhibits hair
growth, and an analog of PGF,, is routinely used to enhance the
growth of human eyelashes (ref. 51 and references therein). So
far, there is no clear evidence that PGI, also regulates the hair
follicle, thus failing to link it with the brittle and fragile hair in
TTD. Considering that the TTD mouse model resembles many
of the developmental and neurological abnormalities of the hu-
man TTDs, including the hair defect and the signs of premature
aging, it is reasonable to assume that PTGIS does not contribute
to these pathological features. Indeed, differently from the
prostaglandin PGE,, PGI, does not seem to play a relevant role
during neurodevelopment (52). Nevertheless, we cannot exclude
the fact that in specific tissue/cell types and in a specific time
frame of development, the mouse PTGIS protein stability does
not compensate for the gene transcriptional impairment, thus
contributing to the neuroectoderm-derived developmental de-
fects of TTD.

Prostaglandins are also lipid mediators that promote the dif-
ferentiation of adipocyte precursor cells to adipose cells. These
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proteins are important transcription factors in the activation of
the early phase of adipogenesis differentiation (53, 54). According
to its role in adipocyte metabolism, it is tempting to speculate that
PTGIS deregulation may also contribute to the atrophy of sub-
cutaneous fat frequently described in TTD (55).

Besides supporting the hypothesis that transcriptional defects
make a major contribution to the TTD phenotype while DNA
repair defects represent the major abnormality in XP, these find-
ings demonstrate a specific transcription deregulation that results
in reduced synthesis and secretion of PTGIS amounts in TTD
patients. PTGIS reduction represents an easily accessible gold
standard biomarker that combines the PS- and NPS-TTD cases so
far investigated. In addition, the present study opens the possibility
for promising therapeutic prospects. Indeed, PGI, analogs have
been successfully used for therapy in pulmonary arterial hyper-
tension, peripheral occlusive disease, and vascular complication of
diabetes mellitus (40).

Materials and Methods

Patient fibroblast strains used in this study are listed in S/ Appendix, Table S7.
Normal primary fibroblasts were from a genetically unrelated healthy donor
(C3PV) and eight phenotypically normal PS-TTD/XP-D or XP/XP-D parents
(mother and father of the patients TTD7PV, TTD11PV, TTD12-15PV, and
XP15-16PV). RNAs for sequencing and RNA-seq processing were prepared as
detailed in S/ Appendix, Materials and Methods. Gene expression analysis
was performed by RealTime ready Custom Panels (Roche) and quantitative
real-time RT-PCR. Immunoblot and ChIP assay experiments were performed
according to standard protocols. Full details are provided in S/ Appendix,
Materials and Methods.
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