
MOLECULAR AND CELLULAR BIOLOGY, Mar. 2009, p. 1276–1290 Vol. 29, No. 5
0270-7306/09/$08.00�0 doi:10.1128/MCB.01229-08
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

An Xpb Mouse Model for Combined Xeroderma Pigmentosum and
Cockayne Syndrome Reveals Progeroid Features upon Further

Attenuation of DNA Repair�

Jaan-Olle Andressoo,1†§ Geert Weeda,1§ Jan de Wit,1§ James R. Mitchell,1‡§ Rudolf B. Beems,2§
Harry van Steeg,2§ Gijsbertus T. J. van der Horst,1§ and Jan H. Hoeijmakers1§*

MGC-Cancer Genomics Center, Department of Cell Biology and Genetics, Center for Biomedical Genetics, Erasmus Medical
Center, Erasmus University, P.O. Box 1738, 3000 DR Rotterdam, The Netherlands,1 and National Institute of Public Health and

Environment, P.O. Box 1, 3720 BA Bilthoven, The Netherlands2

Received 5 August 2008/Returned for modification 5 September 2008/Accepted 2 December 2008

Patients carrying mutations in the XPB helicase subunit of the basal transcription and nucleotide excision
repair (NER) factor TFIIH display the combined cancer and developmental-progeroid disorder xeroderma
pigmentosum/Cockayne syndrome (XPCS). Due to the dual transcription repair role of XPB and the absence
of animal models, the underlying molecular mechanisms of XPBXPCS are largely uncharacterized. Here we
show that severe alterations in Xpb cause embryonic lethality and that knock-in mice closely mimicking an
XPCS patient-derived XPB mutation recapitulate the UV sensitivity typical for XP but fail to show overt CS
features unless the DNA repair capacity is further challenged by crossings to the NER-deficient Xpa back-
ground. Interestingly, the XpbXPCS Xpa double mutants display a remarkable interanimal variance, which
points to stochastic DNA damage accumulation as an important determinant of clinical diversity in NER
syndromes. Furthermore, mice carrying the XpbXPCS mutation together with a point mutation in the second
TFIIH helicase Xpd are healthy at birth but display neonatal lethality, indicating that transcription efficiency
is sufficient to permit embryonal development even when both TFIIH helicases are crippled. The double-
mutant cells exhibit sensitivity to oxidative stress, suggesting a role for endogenous DNA damage in the onset
of XPB-associated CS.

Defects in XPD and XPB, the two helicase subunits of
transcription/repair factor TFIIH can lead to a surprising clin-
ical heterogeneity. They cause the cancer-prone disorder
xeroderma pigmentosum (XP) or a combination of XP and the
neurodevelopmental progeroid condition Cockayne syndrome
(XPCS). The latter displays striking clinical variance, with a life
expectancy ranging from 7 months to over 30 years (38). In
addition, defects in both helicase subunits can give rise to
trichothiodystrophy (TTD), a condition similar to CS but with
characteristic brittle hair and nails and scaly skin (7, 36), or a
combined form of XPTTD (12). In addition, although muta-
tions are overall disease specific, extensive phenotypic variance
among patients carrying even the same causative mutation has
been observed (16), suggesting that variables other than dif-
ferences in the genetic background, such as the stochastic
nature of DNA damage accumulation, may be involved. The

participation of TFIIH in multiple cellular processes, including
basal and activated transcription as well as the two modes of
nucleotide excision repair (NER), further complicates the geno-
type-phenotype correlation. The above complexity highlights
the need for genetically defined model organisms for resolving
composite phenotypes, such as developmental delay and/or
accelerated aging.

NER is one of the most versatile DNA repair systems, re-
sponsible for removing a wide variety of helix-distorting DNA
lesions, including UV-induced photoproducts and several
forms of oxidative lesions (7, 10, 22, 26, 36, 56, 59). NER
consists of two subpathways: global genome NER (GG-NER),
which surveys the genome overall, and transcription-coupled
NER (TC-NER), which focuses on NER-type lesions in the
transcribed strand of active genes. Next to TC-NER, a broader
transcription-coupled repair (TCR) process likely exists that
also eliminates non-NER-type transcription-blocking lesions.
In GG-NER, the hHR23B-XPC complex functions as a dam-
age sensor and primary initiator of the NER reaction. In TC-
NER, lesion-induced blockage of transcribing RNA-polymer-
ase II is believed to be the trigger of repair, requiring the CSA
and CSB proteins (29, 33, 36, 55) that may also be involved in
the broader TCR. After DNA damage recognition, the DNA
around the lesion is unwound by TFIIH helicase components
XPD and XPB and the lesion is removed in a multistep “cut
and patch”-type reaction that involves �25 proteins and is
similar in both pathways. The requirement for either TC-NER
or GG-NER may vary with cell type, further complicating the
extension of in vitro findings to complex phenotypes in vivo
(23, 26, 44, 47).
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Complete inactivation of NER by deletion of XPA, a central
NER component, does not cause CS- and TTD-like neurode-
velopmental progeroid features but instead leads to extreme
UV sensitivity and skin cancer predisposition, as in XP. There-
fore, it has been proposed that some of the CS and TTD
features may be the outcome of defects in the additional tran-
scription function of TFIIH; hampered basal and activated
transcription have been reported in a XpdR722W mouse model
for TTD and in in vitro studies with a panel of TTD patient-
derived mutations in a basal transcription assay (18, 28, 35). On
the other hand, the neurodevelopmental and accelerated aging
component in CS and TTD could also be associated with de-
fective repair and/or damage processing of oxidative DNA
lesions, a feature also not seen in totally NER-deficient XPA
mutants (13, 22, 30, 39, 56, 59). Indeed, cancer-prone Xpa
knockout (KO) mice display only a very mild aging phenotype,
whereas mouse models for NER-related neurodevelopmental
accelerated ageing syndromes CS, XPCS, and TTD exhibit
many of the basic features of the human disorders, albeit in a
milder fashion (3, 24, 27, 61).

Despite the fact that developmental and progeroid features
in TTD and CS are attributed mostly to transcriptional deficits
and defective repair of oxidative DNA lesions, respectively,
complete inactivation of NER by removing Xpa, which has no
role in transcription, in TTD, CS, or XPCS mice displaying
mild premature aging features leads to a very similar and
severe aggravation of the premature aging phenotype. The
phenotype has a postnatal onset, showing that it is not devel-
opmental per se, and includes cachexia (loss of weight; failure
to thrive), kyphosis (hunchback), neurodegeneration, early
cessation of growth, and premature death at 2 to 4 weeks, all
consistent with a severe form of each syndrome (3, 19, 41, 62,
63). The phenotypic overlap described above suggests that the
DNA repair capacity modulates CS, XPCS, and TTD pheno-
types alike.

Notably, the currently available mouse models for TTD, CS,
and XPCS genocopy “severe” disease-causing mutations,
which in humans result in early juvenile lethality (Csa and Csb
truncation mutants modeling CS; XpdG602D for XpdXPCS and
XpdR722W for genocopying XpdTTD). Mouse models mimick-
ing mutations that cause a milder phenotype in humans for CS,
TTD, or XPCS are currently not available.

Unlike XPD and CS proteins, for which mouse models have
been described, much less is known about the etiology of XPB-
related developmental and progeroid disease. Patients carrying
mutations in XPB helicase are extremely rare, with only six
affected families reported (48). The lack of individuals carrying
defects in XPB has been attributed to the essential function of
XPB in basal transcription (73), suggesting that most muta-
tions in XPB cause very early embryonic lethality (48). Here
we report the generation and characterization of the first
mouse model carrying a “mild” XPCS type of splice site mu-
tation in Xpb. The new mouse model enabled us to shed light
onto the etiology of Xpb-associated XPCS and highlight the
potential of stochastic DNA damage accumulation in deter-
mining phenotypic diversity in NER disorders.

MATERIALS AND METHODS

Targeting vectors. The pXpbfs-targeting construct was generated as follows:
from the 7-kb SalI-NsiI fragment containing the murine Xpb exon 15, a 4-kb

EcoRI fragment containing exon 15 was subcloned into pTZ18R (Pharmacia).
The 4-bp insertion (GATC) and a diagnostic BglII site was introduced after the
first codon of exon 15 using the mutagenesis kit (Stratagene). The XpbXPCS

mutation was introduced in a similar fashion (see Fig. 1). Mutations were con-
firmed by double-stranded sequence analysis. Further details about targeting
constructs will be provided upon request. 129/Ola embryonic stem (ES) cells
were targeted according to standard procedures.

RT-PCR and dot blot analysis. Xpb cDNA generated by reverse transcriptase
PCR (RT-PCR) was subcloned into a Bluescript TA cloning vector. Individual
clones were analyzed by dot blot analysis using 32P-labeled primers hybridizing
either to the wild-type (WT) or to a 4-bp insertion, splice-acceptor, or stop codon
mutation.

Generation of Xpb mutant mice and histology. Chimeric mice were obtained by
using standard procedures and backcrossed with WT C57BL/6 mice for more
than eight generations. Genotyping was performed either by Southern blotting
(see Fig. 1) or for XpbXPCS mice using primers hybridizing Xpb exon 15, the PGK
promoter, and sequence 3� of the Xpb gene. Histology was performed using
standard procedures and hematoxylin and eosin (H&E) staining.

DNA damage sensitivity assays. UV-induced unscheduled DNA synthesis
(UDS) and recovery of RNA synthesis (RRS) assays as well as cellular UV
survival were established using primary mouse embryonic fibroblasts (MEFs).
For gamma ray and paraquat survival assays, spontaneously transformed MEF
lines were utilized. For UDS, cells were irradiated with UVC at a dose of 16 J/m2.
Thereafter, cells were incubated for 2.5 h in culture medium containing [3H]thy-
midine and were subsequently fixed and subjected to autoradiography. Numbers
of grains in nuclei per fixed square were counted in at least 25 non-S-phase nuclei
per genotype in three independent experiments. A representative experiment is
shown in Fig. 2A. Protocols can be found in reference 67, and a detailed protocol
can be found from references therein. For RRS, cells were irradiated with 10
J/m2 UVC and labeled 16 h later with [3H]uridine for 1 h. Grains were counted
in at least 25 nuclei per genotype in three independent experiments. Methods are
described in reference 26; see references therein for precise details. Paraquat
and gamma ray cellular survival assays were performed with a [3H]thymidine
incorporation assay or a colony assay as described in references 19 and 26.

Immunoblotting. Anti-XPB (1B3) monoclonal antibody (MAb) was described
earlier (52). MAb2G12 is a MAb raised toward the human WT 42 C-terminal
amino acids of XPB. Western blotting was performed by using standard proce-
dures.

Immunofluorescence analysis of p62 subunit of TFIIH. Latex bead labeling
and comparative immunofluorescence analysis of the p62 subunit of the TFIIH
were performed essentially as described earlier in similar studies (2, 8, 65, 66, 68).
Briefly, cells were either labeled or not labeled with beads for 2 days, mixed,
plated on coverslips, and immunostained. For TFIIH level quantification, 25 to
50 microscopic fields in each experiment were photographed in a “blind” fashion.
Nuclear red fluorescence intensity was measured using Adobe Photoshop. A
standard Student’s t test using the two-tailed two-sample equal variance setting
was used to verify the statistical significance of the data. Standard karyotyping
was performed to verify that the observed differences in signal intensity are not
due to the altered karyotype of the primary MEF cells. In all the cell lines used
in this study, �80% of the nuclei were found to be diploid while �20% had a
tetraploid karyotype. Two or more cell lines per genotype were used in this study.

RESULTS

Xpb is essential for mouse development. Three XPBXPCS

patients carry a germ line C-to-A transversion at the last in-
tron-exon border of the gene. This mutation generates a novel
splice-acceptor sequence 4 bp upstream of the normal 3� splice
site. The abnormal splicing from this site results in a frameshift
at codon 741 and leads to the replacement of the last 42 amino
acids by 41 frameshifted nonsense residues (Fig. 1A and G).
No WT XPB mRNA is detected in XPBXPCS patient cells,
suggesting that the disease-causing 5� proximal splice acceptor
site is used in most (if not all) mutant XPB mRNAs (70). The
second XPB allele in all three patients harbors different non-
sense mutations, leading to an early stop in the open reading
frame and rendering it unlikely that this allele contributes to
the phenotype.

To generate a mouse model mimicking XPBXPCS, 4 bp were
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FIG. 1. Targeting of the mouse gene Xpb. (A) Sequence of the last intron-exon border of the human XPB and XP11BE and the corresponding
mouse Xpb alleles. C-to-A transversion (bold) creates a new splice acceptor site (CAG; underlined italics), resulting in a frame-shifted transcript
and 40 novel amino acids at the C terminus derived from the frameshift (first five frameshifted amino acids are indicated). A mouse 4-bp insertion
in mXpb creates a similar frameshift (Xpbfs; bold). Due to differences in the nucleotide sequence between mice and humans, in mice the 4-bp
insertion leads to substitution of the last 41 amino acids to 85 frame-shifted amino acids (G). (B) Schematic representation of the genomic structure
and partial restriction map of the WT and targeted mouse Xpb loci. Black box, exon 15; p(A), polyadenylation signal; †, Xpbfs 4-bp insertion. Probes
A, B, and C are indicated with thick black lines. Restriction sites are abbreviated as follows: Nc, NcoI; Bg, BglII; B, BamHI; X, XbaI; C, ClaI. The
diagnostic BglII site (Bg) introduced in the sequence is indicated in bold italics. (C) Southern blot analysis of NcoI- and BglII-digested genomic
DNA from WT and Xpbfs recombinant ES clones hybridized with probes A, C, and B as indicated. (D) Sequence of the last intron-exon border of
mouse WT and XpbXPCS alleles. The WT splice acceptor site is underlined.Changed nucleotides in the mutated allele (bold) create an additional 5�
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inserted at the last intron-exon border of the mouse gene Xpb
(Xpbframeshifted, designated as Xpbfs) (Fig. 1A). This modifica-
tion leads to an Xpb protein in which the last 43 amino acids
are substituted by frameshifted nonsense amino acids, quite
similar to the incorrectly spliced mutant gene in the patients.
Due to the sequence differences, in mice this results in the
addition of 85 instead of 41 frameshifted residues (Fig. 1G).
The Xpb locus was targeted, and ES cells were screened with
conventional methods (Fig. 1A to C). RT-PCR and dot blot
analysis from heterozygous ES cells revealed that steady-state
mRNA levels from the Xpbfs-targeted allele are substantially
(�10-fold) lower than those of the WT untargeted allele (data
not shown).

Mice heterozygous for the Xpbfs allele appeared phenotyp-
ically normal, consistent with a recessive mode of inheritance.
However, intercrosses of heterozygous Xpbfs animals yielded
43 WT and 103 heterozygous pups but failed to generate ho-
mozygous mutants, and an analysis of embryos showed that
homozygous mutants were missing as early as embryonic day
8.5 (E8.5). The absence of extraembryonic tissue suggested
that embryonic lethality occurred during the preimplantation
stage. Our results indicate that the engineered Xpbfs mutation
causes early embryonic lethality and lend support to the notion
that scarcity of XPB-related disease is due to the essential
function of this helicase.

Generation of a viable XpbXPCS mouse model carrying a
deletion of the last 43 amino acids of the Xpb (Xpb�43). As the
completely frameshifted homozygous Xpbfs mutation led to
embryonic lethality, probably resulting from the low mRNA
expression and/or the presence of the different nonsense C
terminus of the mutant protein in the case of mice, we reengi-
neered the targeting construct. Since it is not excluded that in
cells of the patients a low quantity of correctly spliced mRNA
encoding the WT Xpb protein is generated due to occasional
usage of the proper 3� splice acceptor site, we closely mimicked
the human proximal splice acceptor mutation in the murine
genomic Xpb locus (Fig. 1D). Furthermore, a stop codon was
introduced to prevent translation of the altered amino acid tail
in the incorrectly spliced reading frame while leaving the WT
frame unaltered. Thus, usage of the new splice acceptor site
would result in a frame-shifted mRNA sequence encoding a
truncated protein lacking the last 43 amino acids (Xpb�43,
hereafter referred to as XpbXPCS), whereas occasional usage of

the WT splice site would lead to an unaltered (WT) Xpb
protein (Fig. 1D and G).

The targeted ES clones were screened by Southern blotting
(Fig. 1F and data not shown). DNA sequencing of independent
RT-PCR clones revealed that �90% of the mRNA derived
from the targeted allele was obtained by utilizing the proximal
splice site encoding the truncated Xpb protein, while the re-
maining �10% of splicing had occurred via the WT splice
acceptor site. Thus, in ES cells, the introduced proximal splice
site was used preferentially but not exclusively.

To obtain isogenic XpbXPCS animals, heterozygous mice
were back-crossed to WT C57BL/6 mice for more than eight
generations. Consistent with the recessive nature of XPB mu-
tations in the human population, heterozygous XpbXPCS/wt

mice were indistinguishable from WT animals in all aspects
studied. Intercrosses between heterozygous XpbXPCS/wt ani-
mals yielded XpbXPCS/XPCS homozygous offspring (hereafter
designated as XpbXPCS) at Mendelian frequency (Fig. 1F and
data not shown).

Analysis of Xpb expression and TFIIH levels in XpbXPCS

mice. To determine the frequency of the mutant splice ac-
ceptor usage in homozygous XpbXPCS mice, total RNA was
isolated from the liver, amplified by RT-PCR, and sub-
cloned. Sequencing of independent cDNA clones revealed
that 26 of 28 clones contained the expected 4-bp intron-
derived insertion encoding the C-terminally truncated mu-
tant Xpb protein; the remaining 2 clones were products of
normal splicing. Thus, in �5% to 10% of splicing events, the
WT splice acceptor was used. Analysis of the mRNA derived
from primary MEFs, testes, kidneys, spleens, and brains of
XpbXPCS mice yielded similar results (data not shown).
Thus, as in heterozygous ES cells, the WT 3� splice acceptor
was used in all cells and tissues at a low but detectable
frequency in XpbXPCS mice, leading to the low-level pres-
ence of WT Xpb-encoding transcripts.

The expression of Xpb protein levels in XpbXPCS cells was
analyzed by immunoblot analysis. Two MAbs were used; the
N-terminal MAb (1B3) recognized both mutant and WT Xpb,
while the C-terminal MAb (2G12) recognized only the WT
protein, as the epitope is absent in the truncated Xpb protein
(Fig. 1G). The mutant protein was detected in immunoblots,
but despite the low-level presence of WT mRNA in XpbXPCS

splice acceptor site (underlined) and stop codon (TAG; bold) in the altered reading frame only. Amino acids encoded by both WT and XpbXPCS

reading frames are indicated. (E) Genomic structure of the Xpb WT and XpbXPCS alleles. The asterisk indicates the introduced 5� splice acceptor
site. (F) Southern blot analysis of NcoI-digested genomic DNA from WT ES cells (�/�), XpbXPCS recombinant ES clones (�/�), and homozygous
XpbXPCS/XPCS mutant mice (�/�) hybridized with probes B and C. (G) Schematic representation of human (NP_000113.1) and mouse
(NP_598419.1) XPB proteins derived from alleles depicted in panels A and D. NLS, nuclear localization signal; fs. aa, novel amino acids derived
from the frameshift; the C-terminal recognition epitope of 2G12 MAb is indicated with a line. (H) Immunoblot analysis of whole-cell extracts from
HeLa cells, two independent homozygous mutant XpbXPCS MEF lines (�/�), and WT MEFs (�/�). Note that the �XPB MAbs 1B3 and 2G12
recognize conserved epitopes within the N and C termini, respectively, and that the C-terminal epitope is absent in the truncated protein (G). The
p62 subunit of TFIIH (stained with MAb 3C9; lower panel) served as qualitative control for loading. (I) Reduction of TFIIH protein levels in
homozygous XpbXPCS primary MEFs visualized by comparative immunofluorescence assay. WT cells were labeled with 0.79-�m latex beads;
XpbXPCS cells were unlabeled (asterisk). Left panel, phase contrast image; right panel, corresponding immunofluorescent image of the p62 subunit
of TFIIH. Note the reduced signal in the XpbXPCS cells. (J) Quantification of the TFIIH level in XpbXPCS MEFs. The immunofluorescence signal
from XpbXPCS cells was determined (at least 50 nuclei per genotype, two separate experiments with two independent XpbXPCS and WT cell lines)
and expressed as the average percentage of the level in WT cells analyzed on the same microscopic slide. Error bars indicate the SEM between
experiments. H.sp., Homo sapiens; M.m., Mus musculus.
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cells, WT Xpb protein appeared below the level of detection
(Fig. 1H).

Because mutations in the XPB or XPD genes frequently lead
to a reduced content of the entire 10-subunit TFIIH complex,

which is known to impact its function in NER both in humans
and mice (2, 8, 66), we determined TFIIH levels in the XpbXPCS

primary fibroblasts by measuring the immunofluorescence in-
tensity of the TFIIH p62 subunit. An approximately 40% re-

FIG. 2. Cellular DNA repair characteristics. (A) UV-induced (15 J/m2 UVC) unscheduled DNA repair synthesis capacity (UDS) of primary
homozygous XpbXPCS MEFs. A representative experiment (three experiments total) is depicted. The P value indicates the significance of the difference
between WT and XpbXPCS within the representative experiment. Error bars indicate the SEM. (B) Recovery of RNA synthesis after UV (10 J/m2 UVC)
irradiation (RRS). A representative experiment (three experiments total) is depicted. The P value indicates the significance of the difference between WT
and XpbXPCS within the representative experiment. Error bars indicate the SEM. (C) UV survival curves averaged from four independent experiments.
At least 2 cell lines per genotype were included. Error bars indicate SEM between experiments. (D) Gamma ray survival curves averaged from five
independent experiments with two cell lines per genotype. Error bars indicate the SEM between experiments. (E) Reduction of TFIIH protein levels in
XpbXPCS, XpdTTD single-mutant, and XpbXPCS XpdTTD double-mutant primary MEFs by comparative immunofluorescence analysis of p62 subunit of
TFIIH. Quantification of the immunofluorescence signal is based on analysis of at least 50 nuclei per genotype in two separate experiments with two
independent cell lines per genotype. WT cells are labeled with latex beads, mixed with the mutant cells, and cultured and immunostained on the same
microscopic slide. Bars representing cell lines analyzed on the same microscopic slide are depicted side by side. The P value indicates the minimum
significant difference between WT versus mutant cell lines analyzed on the same microscopic slide within one experiment. (F) UV survival curves averaged
from four independent experiments. At least two cell lines per genotype were included. Error bars indicate the SEM between experiments. (G) Hyper-
sensitivity of the indicated cells to acute oxidative damage. Gamma ray survival curves averaged from two independent experiments with two cell lines
per genotype. Error bars indicate the SEM between experiments and lie within the symbol size. (H) Hypersensitivity of XpbXPCS XpdTTD and Xpa XpbXPCS

cells to chronic oxidative injury. MEF cells of the indicated genotype were cultured in the continuous presence of the indicated concentration of paraquat
for 3 days. Two cell lines per genotype were tested. For reasons of simplicity, on the depicted representative survival experiment, results from two
independent cell lines for XpbXPCS and Xpa XpbXPCS cells were averaged and error bars depict the SEM between two independent cell lines within the
given experiment. For the other genotypes in the given experiment, one cell line per genotype was used and error bars depict the SEM within the
experiment.
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duction of TFIIH levels was observed compared to that of the
WT cells (Fig. 1I and J).

XpbXPCS mice do not display overt developmental or accel-
erated ageing features. To investigate whether XpbXPCS mice
develop CS-related accelerated ageing features, animals were
screened for developmental delay, neuromotor deficiencies,
fecundity, kyphosis, and cachexia. Measuring body weight,
starting from 12 days of age, did not reveal significant devel-
opmental delay in XpbXPCS mice (data not shown). Neuromo-
tor function, as tested by tail suspension and accelerating
rotarod tests, was indistinguishable from that of the WT.
Both male and female XpbXPCS mice were fertile up to at least
7 months of age, with litter sizes comparable to those of WT
littermates. Compared to gender-matched littermate controls,
XpbXPCS mice (n � 6) did not display overtly accelerated aging
features typical of CS, such as kyphosis or cachexia, until 24
months of age when surveillance was concluded.

Histological examination at the age of 1.5 years revealed no
obvious signs of CS or any other type of pathological abnor-
malities in the brain, sciatic nerve, eyes, heart, lungs, lymph
nodes, kidneys, liver, colon, intestines, spleen, thymus, pan-
creas, gall bladder, urinary bladder, testes, ovaries, bones (fe-
mur/joint), skin, and skeletal muscles. Compared to results
from the littermate controls (n � 8), no significant increase or
decrease in the number of tumors was noted (a total of nine
XpbXPCS mice analyzed). In conclusion, XpbXPCS mice failed to
show detectable CS-like developmental or accelerated seg-
mental ageing features and did not display phenotypic variance
compared to WT animals with any of the parameters tested.

XpbXPCS cells are sensitive to UV and acute oxidative stress.
Fibroblasts from XPBXPCS patients are largely defective in
TC-NER and GG-NER and are thus hypersensitive to UV-
induced cell killing (48, 70). The absence of a CS-like phe-
notype suggested that NER in XpbXPCS mice might also be

unaffected. To assess the repair status of the mutant mice,
GG-NER and TC-NER activities of primary MEFs derived
from XpbXPCS embryos were measured using UDS and RRS
assays, respectively. XpbXPCS cells retained �30% of WT UDS
and �20% of WT RRS (Fig. 2A and B), which appears slightly
less severe than in cells of XPBXPCS patients (50, 70). In
UV-induced survival experiments, XpbXPCS cells showed inter-
mediate hypersensitivity compared to Xpa mutant cells (Fig.
2C). Xpa mutants lack NER activity of UV-induced DNA
lesions entirely and were used as a positive control in the assay,
showing obvious hypersensitivity to UV. Ionizing (gamma) ra-
diation (IR) was used to test the sensitivity of the cells to acute
oxidative stress. In line with data reported for human and
mouse cells from CS individuals (3, 22, 25, 26, 56, 59), XpbXPCS

cells were slightly but significantly hypersensitive to IR (Fig.
2D). Thus, despite the lack of CS-related ageing features in the
XpbXPCS animals, XpbXPCS MEFs exhibited typical CS defects,
showing clear but not complete sensitivity to UV light and
acute oxidative stress.

XpbXPCS mice are hypersensitive to UV irradiation. To ex-
amine whether the partial NER defect detected in cultured
XpbXPCS cells is also detectable in vivo, photosensitivity of
XpbXPCS mice was tested by exposing the shaven dorsal skin of
mice to UVB light at a dose of 500 J/m2/day for four consec-
utive days. Xpa mice were included as a positive control for UV
hypersensitivity. One week after the initiation of the treatment,
WT and heterozygous animals appeared normal, whereas Xpa
mice exhibited pronounced redness of the skin, indicative of
erythema and edema (generally known as sunburn), and
acanthosis (thickening of the epidermis), accompanied with
recurrent loss of the whole epidermis (Fig. 3). XpbXPCS mice
displayed moderately enhanced acanthosis (Fig. 3), an in-
termediate phenotype consistent with the partial NER de-
fect in cultured fibroblasts. Hence, the XpbXPCS mice recon-

FIG. 3. Acute effects of UV-B on the skin of XpbXPCS mice. H&E staining of dorsal skin sections from shaven mice exposed to daily doses of
500 J/m2 UVB for four consecutive days and sacrificed 1 week after the start of the treatment. Note the moderate epidermal hyperplasia, consisting
of an increased number of cell layers (acanthosis, indicated with a bar) in the XpbXPCS skin and the much more severe effect in Xpa mice as evident
from hyperemia (dilated capillaries filled with blood, indicated with a long arrow) and the absence of keratinized and epidermal layers (asterisk),
reflecting severe “scaling of the skin.” Note the “swelling” of the nuclei after UV treatment in all genotypes compared to untreated controls (short
arrows). Magnification, 	400.
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stitute the hallmark XP feature, sensitivity to UV light, both
in vitro and in vivo.

Xpa XpbXPCS double-mutant mice display CS-like features
and large phenotypic variation. XpbXPCS mice exhibit a partial
NER deficiency and XP features. In addition, they show a
slight sensitivity to IR, which is observed with CS-type mutants,
yet they fail to display overt CS symptoms. To find out whether
the substantial residual NER activity in XpbXPCS mice has a
suppressive effect on the CS phenotype, we crossed the mice
into an Xpa-deficient background. Mice lacking Xpa do not
display overt developmental or progeroid (CS-like) features,
but are completely NER deficient and highly susceptible to
UV-induced skin cancer (24, 27, 42). Double-mutant Xpa
XpbXPCS mice were born healthy and at expected Mendelian
frequencies and initially developed normally. However, at
about 10 days after birth, most Xpa XpbXPCS mice failed to gain

weight at a comparable rate to WT, single-mutant, and double-
heterozygous, gender-matched littermates. As a consequence,
in the third and fourth week, the most severely affected indi-
viduals even died, concomitant with failure to thrive and pro-
gressive cachexia. Within this group of juvenile lethality (7/30;
�23% of animals) the average life span was only 23.3 days
(standard error of the mean [SEM], 1.1 days) (Fig. 4A). During
the last week of their lives, these animals progressively devel-
oped severe kyphosis and gait anomalies, including balance
problems (data not shown), very similar to what has previously
been reported for mouse models for CS, XPCS, and TTD (Csa
and Csb truncation mutants; XpdG602D [XpdXPCS], XpdR722W

[XpdTTD], and Xpg [with a deleted exon 15]) in an Xpa-defi-
cient background (3, 19, 41, 54, 62). Like XPB and XPD, XPG
is involved in GG-NER as well as TC-NER and may also be
implicated in the broader TCR process. Notably, while juvenile

FIG. 4. Effects of additional NER mutations in XpbXPCS mice. (A) Kaplan-Meier survival curve of Xpa XpbXPCS mice. Shown are results for
the WT (n � 36), Xpa (n � 34), XpbXPCS (n � 41), Xpa XpbXPCS (n � 30), and XpbXPCS XpdTTD (n � 5). Please note that for XpbXPCS XpdTTD

mice, the exact time of death is unknown; it likely occurred within 1 to 2 days after birth (see Table 2 and above). (B) Body weight of Xpa XpbXPCS

mice, plotted as a percentage of age and gender-matched littermate controls. Note the increase in body weight between 4.7 and 17 weeks. Error
bars indicate the SEM. (C) Tail suspension test of 7-week-old male mice. The WT mouse depicted displays normal spreading of the hind limbs.
Xpa XpbXPCS mice displayed heterogeneous behavior, ranging from normal to severe cramp-like seizures, spastic movements, and tremors of hind
limbs as depicted here. Note also the smaller size of the Xpa XpbXPCS mouse. (D) Severe kyphosis in a 16-month-old male Xpa XpbXPCS mouse.
(E) Premature testicular tubular atrophy of Xpa XpbXPCS mice. H&E-stained sections of the testis of 18-month and 7-week-old WT and Xpa
XpbXPCS mice. Note the reduced thickness or absence of the germinal epithelium (bar), reduced occurrence of mature spermatids (arrow), and the
increase in interstitial cells (asterisk) in Xpa XpbXPCS males at 18 months but not at 7 weeks. Magnification, 	100. (F) Photograph of a �24-h-old
XpbXPCS XpdTTD double-mutant mouse and a double-heterozygote littermate. After apparent normal embryogenesis, double-mutant mice failed
to grow and died within �36 h.
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lethality affected �23% of Xpa XpbXPCS mice, it has been
observed to be nearly 100% penetrant in Xpa-deficient CSA,
CSB, XPDXPCS, XPDTTD, and XpgDexon15 mouse models.
However, exceptions have been noted. Two of 12 Xpa XpdTTD

mice which survived weaning lived for 4 and 12 months, re-
spectively, and 2 out of 25 XpgDexon15 mice lacking Xpa lived
for 5 to 5.5 months (19, 54). Remarkably, by �3 months of age,
most of the surviving Xpa XpbXPCS mice (77%; n � 23) were
able to “catch up” (close) to the range of the body weight of
the WT littermate controls (Fig. 4B).

To analyze whether Xpa XpbXPCS mice display the neuro-
logical features typical for CS, we performed visual examina-
tion and tail suspension tests. In about 30% of the 23 analyzed
animals, this revealed occasional tremors and ataxia, spasticity,
and abnormal coordination of hind limbs up to �2 months of
age (Fig. 4C). Interestingly, later in life, these features became
less pronounced and gradually disappeared among most of the
double-mutant mice, although some of the animals remained
mildly affected. Visual observation occasionally revealed ab-
normal hyperactivity, excitability, and “nervous” behavior in 5
out of 23 double-mutant mice, yet only 1 mouse sustained
these features beyond �2 months of age. About half of the Xpa
XpbXPCS mice, which showed anomalies during the tail suspen-
sion test, also displayed developmental delay; for nervous be-
havior, no such correlation was observed (Table 1).

Both male and female Xpa XpbXPCS mice were fertile until at
least 7 months of age, with litter sizes comparable to those of
WT animals. Between 8 and 12 months of age, Xpa XpbXPCS

mice displayed premature kyphosis (Fig. 4D) with heteroge-
neous penetrance (5/23). Mild gait abnormalities were ob-

served during both the juvenile developmental delay period
(from �12 days old up to �1 to 2 months old) among the most
affected individuals, as well as among the ageing mice with the
most pronounced kyphosis.

At 7 to 8 weeks and 1.5 years of age, Xpa XpbXPCS and
age-matched controls (Xpa, XpbXPCS, and WT littermates)
were sacrificed for histological analysis. Macroscopical exami-
nation revealed that the skulls of 1.5-year-old double-mutant
mice with the most pronounced kyphosis (n � 3) showed
deformation and thickening, mainly in the occipital region,
which most likely relates to the severe kyphosis of the vertebral
column. All 1.5-year-old male Xpa XpbXPCS mice investi-
gated (five total; two with pronounced kyphosis and three
without clear kyphosis) revealed tubular testicular atrophy.
This feature is associated with normal ageing in mice but at
later age, and was not noted in 1.5-year-old control mice in this
study (Fig. 4E). Compared to the controls, histological analysis
of the brain, sciatic nerve, heart, lungs, lymph nodes, kidneys,
liver, colon, intestines, spleen, thymus, pancreas, gall bladder,
urinary bladder, ovaries, skin, and skeletal muscles appeared
grossly normal (data not shown). Except for the kyphosis, no
further overt abnormalities, such as early demineralization,
indicative of osteoporosis, were observed in X-ray images of
Xpa XpbXPCS and control skeletons (oldest individual studied
at 23 months old). Histopathological analysis of the trabecular
and cortical bones at 1.5 years old did not reveal evident
premature bone aging as was reported in some CS patients
(43) and TTD mice (19; data not shown). Finally, we did not
observe significant differences in spontaneous tumor incidence

TABLE 1. Individual phenotypes of XpbXPCS Xpa mice (n � 23) over timea

ID no.,
gender

%
Reduction

in wt at
postnatal

days
10–21

Postnatal day 21–2 mo 2–7 mo 8–12 mo 13–18 mo 18 mo

%
Reduction

in wt
TS K N

%
Reduction

in wt
TS K N

%
Reduction

in wt
TS K N

%
Reduction

in wt
TS K N Sc Te

1, f �25 �30, �15 �� � � �15 
 
 � �30 �� ��� � �20, 30 �� ��� � Yes NA
2, m �30 �35, �25 � � � �25 �� �� � �40 
 �� � �45 
 ��� � Yes Yes
3, f �30, �40 �60, �65 �� �� � Diedb NA NA NA NA NA NA NA NA NA NA NA NA NA
4, f �25 �25, �10 � � � 0 � � � �20 � � � ND ND ND ND ND NA
5, f �15 ND � � � 0 � � � �25 
 � � �40 � ��� � Yes NA
6, f �15 ND � � � �10, 0 � � � ND ND � ND ND ND ND ND ND NA
7, m �10, 0 0 � � � 0 � � � 10, 0 � � � 0 � � � � Yes
8, m �10, �30 �30, �15 � � � �10, 0 � � � �10, 0 �� � � �10, 0 � � � � Yes
9, f �10, 0 0 � � � 0 � � � ND ND ND ND ND ND ND ND ND NA
10, f �10, �20 �20 � � � �15 
 � � 0 � � �25, �30 � � � � NA
11, m ND �15 � � � �15 
 � � �30 � � � �40 � �� � � Yes
12, f ND ND � ND ND � � � ND ND ND ND ND ND ND ND ND NA
13, m 0 0 � � � �15 � � �� ND ND ND ND ND ND ND ND ND ND
14, m �10, 0 �25, �10 � � � 0 
 � � 0 � � � �10 � � � � ND
15, m �10, 0 �20 � � � �10, 0 � � � ND ND ND ND ND ND ND ND ND ND
16, m �25, �10 �10, 0 � � � 0 
 � � 0 � � � 0 � � � � ND
17, f �15 �10, 0 � � � 0 � � � �10 � � � 0 � � � � NA
18, m �10, 0 0 � � � �10, 0 � � � ND ND ND ND ND ND ND ND ND ND
19, m �20 �10, 0 � � � 0 � � � ND ND ND ND ND ND ND ND ND ND
20, m �20 �10, 0 � � � ND � � � �10, 0 � ND � �10 � � � � ND
21, m ND ND ND ND ND �15 � � � ND ND ND ND ND ND ND ND ND ND
22, f �10, 0 ND ND ND ND ND � � � ND ND ND ND ND ND ND ND ND NA
23, m ND ND ND ND ND ND � � � 0 � ND ND �10 � � � � Yes

a Body weight is expressed as the percentage of littermate gender-matched control mice. When measurements were performed more than once during the given
period of time and the parameter changed during that time, results from both measurements are noted. For example, a body weight of �30, �10 means that the first
measurement was a reduction of 30% and the second measurement was a reduction of 10% compared to that of the gender-matched littermate controls. f, female; m,
male; TS, tail suspension test; K, kyphosis; N, hyperactivity/nervous behavior; Sc, skull deformation; Te, testicular atrophy; NA, not applicable; ND, not detected; �,
feature absent; 
, mild symptoms compared to background; �, moderate feature; ��, severe feature; ���, very severe feature.

b Animal no. 3 is exceptional because it survived weaning but died at about 2 months of age with severe cachexia.
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between Xpa XpbXPCS mice (n � 7) and controls (n � 10) at
1.5 years of age.

Taken together, a significant proportion of Xpa XpbXPCS

mice initially showed both developmental and accelerated age-
ing features, which were similar to the typical symptoms of CS
patients (43), including prominent progressive cachexia, early
cessation of growth, neurological abnormalities, and severely
reduced life span. Although during the first weeks, most mice
exhibited the features described above to a variable degree, a
remarkable phenotypic variance also became apparent after
the period of weaning (Table 1) (Fig. 4). Strong heterogeneity
in the severity of clinical features has occasionally been ob-
served in NER patients as well, even with identical predispos-
ing mutations (16). Notably, the dramatic phenotypic variation
of the Xpa XpbXPCS mice occurred in spite of the uniform
C57BL/6 genetic background, ruling out the possibility that the
heterogeneity in clinical manifestations would be due to intrinsic
differences in genetic makeup.

XpdTTD XpbXPCS double-mutant mice die within 2 days of
age. In addition to a NER and a TCR defect, patient-derived
mutations in TFIIH helicases are thought to result in a
transcriptional defect. XPB and XPD helicases carrying ei-
ther XPBXPCS patient-derived XPBfs42(XPCS) or XPDTTD pa-
tient-derived XPDR722W(TTD) mutations show defects in a
basal transcription initiation assay in vitro (17, 28). Further-
more, XPDTTD (XPDR722W) alongside with XPDXP-type caus-
ative mutations appear to impair transcriptional activation of
retinoic acid receptor �1 target genes (35), and TFIIH-depen-
dent thyroid hormone gene regulation was reported to be
defective in XpdTTD (XpdR722W) mice (18). On the organismal
level, XpdTTD (XpdR722W) single-mutant animals display a va-
riety of both developmental and progeroid features, including
developmental delay, osteoporosis, kyphosis, sclerosis of the
scull, cachexia, and reduced life span (19, 27).

In view of the vital function of TFIIH in transcription and
the critical TFIIH levels in TTD patients and mice due to
mutations in the XPD helicase, we wondered whether double-
mutant animals carrying mutations in both Xpb and Xpd he-
licases would be viable. When XpbXPCS (Xpb�43) mice were
crossed with XpdTTD (XpdR722W) animals, the double-homozy-
gous XpbXPCS XpdTTD mice were absent at the age of geno-
typing (10 to 12 days after birth), suggesting that simultaneous
defects in both helicases of TFIIH are lethal indeed. However,
surprisingly, observation of litters immediately after birth re-
vealed that double-mutant mice were born quite healthy and
showed normal activity and movement but failed to grow and
died within 1 to 2 days (Fig. 4A). The oldest double-mutant
mouse observed alive was �36 h old. Absence of any signs of
violence and the presence of milk in the stomachs suggested
that XpbXPCS XpdTTD mice were nursed normally but died due
to some internal complication. All newborn double-mutant
animals analyzed (Table 2) appeared slightly smaller than their
WT littermates (Fig. 4F), but their body weights were still
within the normal newborn range (data not shown). Gross
anatomical and histological examination of major organ sys-
tems and blood in three double-mutant animals found alive
after birth did not disclose any overt pathological or develop-
mental anomalies (data not shown). Analysis of E13.5 and
E18.5 embryos revealed no obvious difference in size and body
weight from that of littermate controls, and the proportion of

XpbXPCS XpdTTD mice found in utero suggests Mendelian in-
heritance (Table 2). Neither terminal deoxynucleotidyl trans-
ferase-mediated dUTP-biotin nick-end labeling staining nor his-
tological analysis of the liver, lungs, heart, and kidneys isolated at
E18.5 and �12 h after birth revealed differences in the amount of
apoptotic cells, leaving the reason of death in the double mutants
unknown. In conclusion, normal in utero development of
XpbXPCS XpdTTD mice suggests that at least the basal tran-
scription function of TFIIH carrying defects in both helicase
subunits is still largely intact.

TFIIH levels and DNA repair properties of the double-mu-
tant cell lines. To examine whether TFIIH defects can be
registered at the cellular level, we established MEFs of various
single- and double-mutant combinations. In human and mouse
XpdTTD cells, TFIIH levels were found to be diminished due to
reduced TFIIH stability (2, 8, 66). Therefore, we first assessed
the TFIIH levels of XpbXPCS XpdTTD MEFs. Although TFIIH
levels were reduced in both single mutants, they did not appear
significantly further reduced in double-mutant MEFs (Fig. 1I
and J and 2E), suggesting that the observed double-mutant
phenotypes resulted from qualitative rather than quantitative
properties of TFIIH. As expected based on the essential role of
Xpa in NER of UV-induced DNA damage, the ability of cells
to endure increasing doses of UV was the most reduced in Xpa
and Xpa XpbXPCS MEFs (Fig. 2F). GG-NER and TC-NER
activities as measured with UV-based UDS and RRS assays,
respectively, are essentially absent in Xpa KO cells and there-
fore cannot be further reduced with additional NER mutations
(3, 19, 24, 62). Double-mutant XpbXPCS XpdTTD MEFs were
slightly more UV sensitive than XpbXPCS or XpdTTD single-
mutant cells, indicating an additive effect of the two mutations
within the same TFIIH complex (Fig. 2F). XpdTTD cells
showed only mild UV sensitivity (Fig. 2F), which correlates
with the relatively well-preserved GG-NER and TC-NER in
these cells (�50% and �40% of that of the WT, respectively)
(2). GG-NER capacity in XpbXPCS XpdTTD MEFs, assessed
with UDS assays, was reduced to �8%, while the TC-NER
activity in RRS assays remained in the �20% range of the WT
levels (similar to the XpbXPCS single mutant) (Fig. 2A and data
not shown). This low-residual-NER activity explains the higher
UV survival of XpbXPCS XpdTTD cells compared to entirely
NER-deficient Xpa and Xpa XpbXPCS cells.

Analysis of the IR-induced acute oxidative stress tolerance
of double-mutant XpbXPCS XpdTTD cells revealed a mild in-
crease in sensitivity compared to XpbXPCS MEFs. XpdTTD sin-
gle-mutant cells showed behavior close to that of the WT (Fig.
2G). Xpa XpbXPCS double-mutant cells showed no increase in

TABLE 2. Analysis of XpbXPCS XpdTTD embryos and mice

Age

No. of
pups/

embryos
analyzed

No. of XpbXPCS XpdTTD

mice

Expecteda Found

Postnatal days 10–12 155 14.25 0
Postnatal days 0.5–1.5 61 10.375 5b

E18.5 4 1 2
E13.5 14 1.75 2

a If Mendelian inheritance occurred.
b Two mice were dead and three were alive.
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gamma ray sensitivity compared to XpbXPCS single mutants in
this assay, consistent with the finding that Xpa KO cells are
insensitive to gamma irradiation (19, 26). Importantly, these
data suggest that certain TFIIH mutations compromise a re-
pair activity of oxidative DNA lesions, induced by IR, which is
independent of Xpa and, therefore, independent of the classi-
cal NER. Because accumulation of oxidative DNA damage in
vivo is likely to be a chronic, time-dependent process, poorly
modeled by acute oxidative stress sensitivity assessed by a sin-
gle dose of IR, we also mimicked chronic low-dose oxidative
injury by culturing MEFs for 3 days in the presence of para-
quat, a compound which delivers oxidative stress slowly over
time. XpdTTD and Xpa single-mutant cells are known to be
insensitive, but cells lacking Csb are sensitive to paraquat, and
therefore, Csb KO cells were used as a positive control in the
assay (19, 26). Unlike XpbXPCS single-mutant cells, which did
not show increased sensitivity compared to WT cells, both Xpa
XpbXPCS and XpbXPCS XpdTTD double-mutant MEFs were hy-
persensitive in this assay (Fig. 2H).

Finally, because some of the NER proteins such as the
ERCC1-XPF complex are, in addition to NER, also involved
in interstrand cross-link and recombinational repair where de-
fects can lead to severe progeria (45), we tested the sensitivity
of all the mutant cell lines described above to a cross-linking
agent mitomycin C. None of the single mutants and combina-
tions of Xpa, XpbXPCS, and XpdTTD appeared significantly sen-
sitive to this compound, consistent with the cross-link repair
connection being specific to ERCC1-XPF (data not shown).

DISCUSSION

An Xpb mouse model for XPCS. The first attempt to con-
struct an XpbXPCS mouse model unintentionally led to early
embryonic lethality, reflecting the essential function of the Xpb
helicase in basal transcription initiation. Similar results have
previously been reported for animals lacking Xpd, the other
helicase subunit of TFIIH (21). A second targeting attempt
yielded a viable Xpb mutant, which lacked the last 43 amino
acids of Xpb. In the human XPBXPCS (XP11BE) patient, the
corresponding last 42 amino acids are substituted by 41 novel,
frameshifted amino acids. Xpb�43 mutant mice recapitulated
the UV sensitivity in vivo and in vitro and were therefore
designated XpbXPCS. However, overt CS-like developmental/
early progeroid features were absent in XpbXPCS mice. This is
consistent with previous findings with NER-deficient mice. To
date, mouse models for CS, XPCS, and TTD have been de-
signed to genocopy severe mutations, which in humans result
in death before puberty. In mice, these mutations lead to
relatively milder symptoms. Here, we genocopied a “mild”
XPBXPCS causative mutation, which in humans associates with
a life span of over 30 years. Consequently, XpbXPCS mice,
unless further challenged, do not display clear developmental
or progeroid features typical of CS. A similar generally weaker
phenotype in mice is also observed for other models for human
progeroid syndromes, such as Werner and Hutchison-Gilford
progeria syndromes (32). It appears that translation of proge-
ria from humans to mice involves a reduction factor in terms of
phenotype, which may be due to the fact that the time scales
for phenotypes to develop in humans are an order of magni-
tude longer than in mice.

Lessons from mouse models for CS, XPCS, and TTD: how
do Xpa XpbXPCS mice fit in? In humans, TTD-specific brittle
hair and nails and scaling skin aside, CS and TTD share a
principal set of severe progeroid-like symptoms, including
early cessation of growth, cachexia, progressive sensorineuro-
nal loss, demyelination, calcification of basal ganglia, and fea-
tures of osteoporosis (1, 11). As for the corresponding mouse
models, particularly XpdTTD mice exhibit a multitude of bona
fide progeroid symptoms that develop in a time frame of 1.5 to
2 years, and in fact this mouse model revealed for the first time
that the human syndrome is characterized by many aspects of
premature aging (19, 71), although TTD mice also do not
recapitulate the strong reduction in life span observed with
TTD patients carrying the same XPDR722W point mutation
(�20% shortening of life span in mice versus �90% in hu-
mans). Within the perspective of NER defects, it is provocative
that Xpa KO mice, which totally lack GG-NER/TC-NER ac-
tivity, display XP-like cancer predisposition (24, 42) but age
normally, whereas mouse mutants for CS, XPCS, or TTD,
which harbor only a partial NER defect, exhibit developmen-
tal/early progeroid features and, in the case of TTD, also ex-
hibit a reduced life span. The most plausible explanation is that
the genes involved in the latter diseases have an additional
function outside of the classical GG-NER/TC-NER pathway,
defects which cause XP. Indeed, XPD and XPB proteins im-
plicated in TTD, XPCS, and XP are helicase components of
TFIIH and function in basal and activated transcription (18,
28, 35). In fact, the role in basal transcription explains the best
features which are specific for TTD and never seen in CS or
XPCS, i.e., brittle hair and scaling skin. TTD-type mutations in
XPD, XPB, and TTDA subunits of TFIIH cause instability of
the whole complex, which in turn causes transcription to ex-
tinguish before the final stage of terminal differentiation of
hair, nail, and skin keratinocytes, interfering with the last cross-
linking step of the keratin filaments. Consequently, hair and
nails are brittle and skin is scaly (8, 66).

Similarly, several additional functions have been reported
for CS proteins CSA and CSB. Besides TC-NER of helix-
distorting, transcription-blocking lesions for RNA polymerase
II, these additional activities include chromatin remodeling,
repair of some oxidative DNA lesions, transcription elongation
itself, processing of lesion-blocked RNA-polymerase I tran-
scription, and E3 ubiquitin ligase pathway (9, 13–15, 22, 30, 39,
59). Each of these functions separately or in combination has
been put forward to explain the progeroid CS symptoms and
the CS component in TTD. Some of the additional functions
described above do not correlate in all cases with the clinical
phenotype. For example, defects in transcription activation of
various hormonal promoters by different XPD mutations fail
to show a strict correlation with the CS/TTD phenotype, as
they have also been reported for XP without CS (HD2 cell line,
described in reference 35) and for some but not all TTD cell
lines (35). Thus, this renders such a function invalid as an
explanation for the progeroid CS/TTD symptoms.

A scenario that correlates with the phenotype and in which
most of the functions described above can be accommodated
involves the repair of DNA lesions that interfere with tran-
scription. This process is the common denominator of all these
disorders. The spectrum of lesions blocking transcription cov-
ers NER-type distorting damage that requires TC-NER and

VOL. 29, 2009 Xpb MOUSE MODEL REVEALS PROGEROID FEATURES 1285



consequently also XPA for their repair. However, different
indications support the notion that also some types of oxida-
tive, non-NER DNA damage may arrest transcription and
require the CS/TFIIH/XPG (but not the other) components of
the NER machinery for a broader TCR reaction (3, 19, 22, 26,
56, 59). This implies that the CS phenotype is largely the
consequence of an overall TCR defect, i.e., the inability to
rescue transcription arrested by NER- and non-NER-type (ox-
idative) DNA damage. In the case of CSA and CSB mutations,
TCR is completely impaired but GG-NER is unaffected. In the
case of TTD- or XPCS-type XPD or XPB mutations, the par-
tial TCR defect is coupled with impaired GG-NER activity.
Because of the GG-NER defect, DNA damage accumulates,
enhancing the transcriptional repair problems, which may give
rise to the severe phenotype in some of the patients. This
model also provides a plausible explanation for the dramatic
aggravation of the early progeroid phenotype when any of the
TCR mutants (Csa, Csb, XpdTTD, XpdXPCS, and XpbXPCS, de-
scribed here) are crossed with Xpa or Xpc GG-NER KO mice
(Table 3). The complete GG-NER defect in double-mutant
animals causes persistence of much higher levels of DNA le-
sions anywhere in the genome, such as a distorting type of

cyclopurines induced by oxidative agents (10), which dramati-
cally complicates matters for the defective TCR machinery,
causing a very severe early premature aging syndrome, which
we term “NER progeria.” This dramatic phenotype is charac-
terized by healthy in utero development, indicating that the
condition is not a developmental disorder per se. The healthy
birth is followed by postnatal cessation of growth, cachexia,
disproportionally big head and limbs, kyphosis, ataxia and
other features of neurodegeneration, death around weaning,
and, where examined, loss or atrophy of Purkinje neurons in
the cerebellum (3, 19, 31, 41, 62). Importantly, as mentioned,
the effect is not Xpa specific, as the same set of symptoms is
observed in Csa and Csb mice lacking the Xpc gene, which
abolishes only the global genome repair capacity of the NER
pathway (31, 37). This implies that persisting DNA damage
must be the driver behind the acceleration of the aging phe-
notype of double mutants. Notably, when endonucleases re-
sponsible for incising DNA around the lesion in NER Xpg, Xpf,
or Ercc1 genes are knocked out, again NER progeria is ob-
served (34, 40, 58, 69). When a milder mutation is engineered
in Xpg, namely, a deletion of exon 15 (Xpg DelEx15), the
animals grow normally, whereas additional ablation of Xpa
leads yet again to the NER progeria (54). The phenotypes of
the published mouse models are summarized in Table 3. In all
of the cases described above, endogenous DNA damage is the
root cause of increased cell death and/or impaired prolifera-
tion triggered by unrepaired DNA damage, which induces the
arrest of transcription (in the case of a TCR defect) or inter-
strand DNA cross-links blocking transcription as well as rep-
lication (in the case of a defect in the NER/cross-link repair
proteins Ercc1/Xpf). Enhanced cell death in turn contributes
to accelerated aging (and may protect from cancer, as is ob-
served in CS and TTD). The finding that the bona fide pre-
mature aging symptoms in XpdTTD mice that arise in a time
frame of months to �1 year are basically the same in XpdTTD

Xpa double mutants but only in a accelerated fashion indicates
that these features are not developmental defects but dramat-
ically accelerated progeroid features that now interfere indi-
rectly with normal development.

On top of the phenotypic overlap, there are also gene ex-
pression data, which point to common abnormalities in NER
progeria. In Csb Xpa, XpdTTD Xpa, XpdXPCS Xpa, and com-
pound heterozygous XpdTTD/XPCS Xpa mice, the growth hor-
mone (GH)/insulin-like growth factor 1 (IGF-1) axis, which
controls growth and metabolism, is clearly dampened, indicat-
ing that at least in mouse models for CS, XPCS, and TTD, the
genetic addition of DNA damage by depleting NER leads to a
similar organismal, metabolic, and molecular phenotype (62,
63, 64). Suppression of the GH/IGF-1 somatotrophic axis con-
veniently explains the severe growth retardation observed in
these double mutants after birth. Moreover, the expression
profiles of several NER progeria mouse mutants displayed
significant similarities with the changes in gene expression ob-
served with natural aging, stressing the relevance of acceler-
ated aging for the normal process of aging (45, 62).

Animals that escape from severe NER progeria. There are
also remarkable exceptions to the early death observed for
many of the double TCR/GG-NER mutants. After the critical
initial postnatal period of �2 to 3 weeks, some animals survive
much longer. Two of 24 Xpg D811stop mice (C-terminal trun-

TABLE 3. Summary of mouse models exhibiting NER progeriaa

Mouse mutant
(reference)

Life span and impact of
mutation on life span

(reference)

Common
histological

findings

Without NER progeria
Xpa KO (24, 42) �2 yr, mild reduction (27)
Xpc KO (51) �2 yr, mild reduction (72)
Csa KO (60) �2 yr, ND (60)
Csb KO (61) Normal (60)
XpdTTD (20) �2 yr, modest reduction (27)
XpdXPCS (3) �2 yr, mild reduction (3)
XpdXPCS/TTDb (2) �2 yr, NDb (2)
Xpg-DelEx15 (53) �2 yr, ND (53)

With NER progeria
Csb Xpa (41, 62) �3 wk Purkinje neuron

degeneration
or atrophy

Csb Xpc (37) �3 wk Purkinje neuron
degeneration
or atrophy

Csa Xpc (31) �3 wk ND
XpdTTD Xpa (19) �3 wk ND
XpdXPCS Xpa (3) �3 wk Purkinje neuron

degeneration
or atrophy

Xpg-DelEx15 Xpa (54) �3 wk ND
Xpg KO (34, 57) �3 wk Purkinje neuron

degeneration
or atrophy

Xpf KO (58) �3 wk ND
Ercc1 KO (40, 69) �3 wk ND
XpgD811stop (53) A few days past 3 wk ND
XpdXPCS/TTD Xpa (64) Up to 6 mob No defectb

a Note the emergence of NER progeria in Xpa-deficient background indepen-
dent of the involvement of the second affected gene in CS, XPCS, or TTD. Some
of the mouse models described above display gene-specific extra features which
for reasons of simplicity are not included in the table. These include polyploidy
in liver and kidney in Ercc1 and Xpf mice, intestinal anomalies in Xpg mice, and
scaling skin and brittle hair in XpdTTD mice. NER progeria is defined as normal
in utero development followed by failure to thrive, cachexia, disproportionally
big head and limbs, kyphosis, death around weaning, absence of acute pathology
in any organ system except for the cases specified below and, where examined,
loss of Purkinje neurons in the cerebellum. ND, not detected.

b In XpdXPCS/TTD and XpdXPCS/TTD Xpa mice, tissue-specific usage of different
Xpd allele products and/or interallelic complementation alleviates the phenotype
compared to that of each Xpd homozygous mutant.
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cation of Xpg) survived over 2 months, and 2 of 25 Xpg
DelEx15 Xpa double mutants survived for nearly half a year.
Similarly, 2 of 12 XpdTTD Xpa mice survived for 4 and 12
months (19, 53, 54). This suggests the existence of a “develop-
mental bottleneck” that occurs around weaning; when success-
fully passed by, it enables life for much longer. Data from
compound heterozygous XpdTTD/XPCS Xpa mice indeed sup-
port the case. In those animals, tissue-specific usage of spe-
cific Xpd allele products and/or interallelic complementa-
tion “broadens” the developmental bottleneck, enabling most
animals to survive the critical weaning point, and by 10 weeks
of age, the dampening of the GH/IGF-1 axis is also released,
enabling animals to catch up in growth at least to some extent
(2, 64). Unlike the majority of mice displaying NER progeria
(Table 3), most of the Xpa XpbXPCS animals survive weaning
and catch up with littermates to a large extent.

What can be the explanation for the various survival rates of
different double mutants beyond weaning? Previously, we have
demonstrated that chronic exposure of WT mice to nontoxic
doses of the prooxidant peroxisome proliferator DHEP or the
DNA cross-linking agent MMC also triggers transient suppres-
sion of the GH/IGF-1 axis concomitant with upregulation of
the antioxidant response (45, 62). Thus, accumulation of DNA
damage is the likely cause of the somatotropic growth suppres-
sive response in the NER progeria animals, which in turn leads
to the runted phenotype. We observed that the more severe
the growth retardation, the lower the chance that a NER pro-
geroid animal will survive the “bottleneck” period. Assuming
that the degree of growth delay reflects the level of accumu-
lated DNA damage, a correlation is expected between the
extent of the combined GG-NER/TCR defect and the fraction
of surviving animals. This seems grosso modo to be the case
indeed. The Csa or Csb double mutants with Xpc or Xpa KOs
are completely devoid of TCR and GG-NER and belong to the
most severe variants of the NER progeria phenotype, with
hardly any animal surviving weaning. In contrast, a high pro-
portion of Xpa XpbXPCS animals pass the bottleneck correlat-
ing with the “milder” nature of the TCR repair defect. Impor-
tantly, the developmental “catch up” that can occur in the
TCR-defective mice opens perspectives for the development of
therapeutic options for human CS, XPCS, and TTD patients.

What is the rationale of the damage-induced growth sup-
pression? The evolutionary raison d’être of the suppression of
the GH/IGF-1 system is apparent from mice carrying a muta-
tion in the GH receptor gene or many other mutants in which
the GH/IGF1 signaling cascade is suppressed (5). Such mice
generally exhibit dwarfism and a lower metabolic rate, but they
have a longer life span and less aging-related pathology, in-
cluding reduced cancer susceptibility. Apparently, these mice
invest less in growth in favor of maintenance and defenses. A
similar response of decreased GH/IGF1 signaling is triggered
by caloric restriction, the only intervention currently known to
extend life span in many species (6). The rationale of this
reaction is to promote survival past the critical period of, e.g.,
food shortage. The most logical interpretation for the same
“survival” response in the short-lived double-mutant mice is
that they similarly attempt to invest more in maintenance and
repair at the expense of growth and in this manner attempt to
extend their life span. In view of the inherited DNA repair
defect, the response is futile. The more severe the combined

TCR/GG-NER repair defect, the stronger the response and
the more pronounced the cachexia and runted phenotype,
which correlates with the inability to overcome the critical
period up to weaning. Animals with the most severe DNA
repair defect will accumulate the highest DNA damage load
and consequently display the strongest growth retardation. Be-
low a certain threshold, the animal will die.

Why do animals surviving the weaning period live so much
longer? At present, the answer to this question is a matter of
speculation. Assuming that the level of DNA damage induc-
tion is not grossly different between the nursing and the post-
weaning period, the sensitivity of the organism to respond to
accumulating DNA damage by transiently arresting growth is
apparently reduced after development is largely completed.
Perhaps this is merely an adaptation to no longer postpone
growth and resume development even though conditions are
not very favorable. Indeed, it seems to make sense to be more
conservative early in development to prevent mutations and
too much cell death as this will have a major impact on proper
further development. Later in life, the growth suppressive ef-
fect may be less important as the animal has already developed
to become independent and the penalty for increased cell
death and mutations is smaller when generation of progeny is
close.

Phenotypic variance in XpbXPCS Xpa mice—a potential role
of stochastic DNA damage accumulation? Stochastic DNA
damage accumulation has been set forth to explain various
phenotypes both in DNA repair mutants and upon normal
aging. Data supporting this hypothesis include the observation
that monozygotic Fanconi anemia twins with an inborn defect
in interstrand cross-link repair can display profound interindi-
vidual differences in congenital malformations, which is likely
caused by spontaneous stochastic chromosome aberrations oc-
curring in progenitor cells during early embryonic develop-
ment (46). Also, among NER-defective patients with the same
predisposing mutations, remarkable phenotypic variation has
been noted (16). In the laboratory, cells from aging mice and
cells exposed to oxidative DNA-damaging agents display an
increase in cell-to-cell variation in gene transcription, a process
directly affected by DNA damage (4). Here, using an isogenic
mammalian model system under controlled environmental
conditions, we found that when DNA repair (NER) capacity
was reduced, interindividual phenotypic variation both in
juvenile development and upon aging increased (Table 1) (Fig.
4). These new findings with XpbXPCS Xpa mice are consistent
with the idea that stochastic DNA damage next to epigenetic
diversity may explain at least in part the phenotypic variation
between individual mice in an isogenic mutant background in
terms of life span and premature aging features. Figure 5
groups the different GG-NER/TCR and NER/cross-link re-
pair-deficient mice according to the degree of the repair defi-
ciency and depicts the postulated relationship with the extent
of phenotypic variation; diversity is smallest when the repair
defect is either very small or when it is too severe.

Normal embryonal development and postnatal death of
XpbXPCS XpdTTD mice. One remarkable observation is that the
XpbXPCS XpdTTD mice develop quite normally up to birth and
the second striking finding is that they die during the first �36
h after birth. The first observation implies that TFIIH with
both helicases crippled by mutations, which individually causes
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severe human syndromes, is still able to function in basal tran-
scription initiation to the extent that normal embryonal devel-
opment is permitted. This may be consistent with the idea that
the DNA opening capacity of the complex for transcription
initiation is less critical than for GG-NER and TCR. Also, the
instability of TFIIH caused by each of the mutations is appar-
ently not dramatically enhanced in the double-mutant cells.

What is the cause of the uniform death of the XpbXPCS

XpdTTD newborns? Inspection of dead pups revealed normal
feeding and failed to disclose a clear cause. Birth is a stressful
event, and also for other GG-NER/TCR mutants we observed
increased perinatal lethality (62). It is possible that increased
oxidative stress, associated with the sudden transition from the
very low oxygen tension in the embryo (�1%) to atmospheric
oxygen when the pup starts to breathe causes transient high
levels of oxidative damage (49), which may cause a specific
problem for GG-NER/TCR-deficient mice. Although it is dif-
ficult to extend in vitro findings to in vivo, here we find that
cells from the most severely affected XpbXPCS XpdTTD mice

were hypersensitive to two sources of oxidative stress, acute
and chronic.

In vitro sensitivity to oxidative stress in single and double-
mutant cell lines. It was of interest to systematically compare
various single and double GG-NER/TCR mutants at the cel-
lular level for different repair endpoints to see whether a link
with the phenotype could be made. UV sensitivity and UDS
and RRS indicated the NER status. In this respect, XpbXPCS

cells and mice display partial deficiency, which appears slightly
enhanced in XpbXPCS XpdTTD cells. As a mimic for oxidative
DNA damage, we used gamma rays and paraquat, which in-
duce different types of lesions and act with different kinetics.
Our data are consistent with the idea that an inability to re-
move oxidative lesions may be involved in XpbXPCS XpdTTD

neonatal death. Cells from Xpa XpbXPCS mice, which displayed
moderate developmental and progeroid features, were hyper-
sensitive to paraquat but not to gamma ray-induced oxidative
stress compared to single-mutant controls (Fig. 2). Impor-
tantly, Xpa KO cells do not display sensitivity to either type of

FIG. 5. Schematic representation of the relation between the extent of the DNA repair deficiency and the phenotypic variation. With a
mild DNA repair defect, limited phenotypic variation is noted, whereas mice with a severe DNA repair defect die too fast to allow stochastic
effects to manifest. The biggest phenotypic variation is expected in animals with an intermediate DNA repair defect. Lower panel: the
existing mouse models are grouped from A to E based on phenotypic variation and presumed DNA repair (or other) defects. (A) XpbXPCS

animals with a “mild” causative allele exhibit no detectable phenotypic deviation from the WT. (B) In mice mimicking the human “severe”
CS, XPCS, or TTD causative mutations, phenotypes are relatively mild, suggesting that the DNA repair capacity is still proficient enough
to battle most of the endogenous DNA damage load. (C) Xpa XpbXPCS mice display the widest phenotypic variation. On top of complete NER
deficiency, these animals are also compromised in the removal of non-NER-type oxidative DNA lesions. Some symptoms in Xpa XpbXPCS

mice appeared less penetrant (23% juvenile lethality; kyphosis and/or cachexia in 30% of animals) than others (tubular testicular atrophy
was seen in all tested ageing males). Presumably, a random build-up of genome damage in the critical progenitor cells of individual mice
may lead to diverse phenotypic consequences both during development and upon aging, depending on the number and tissue context of the
affected cells. Xpa XpdTTD/XPCS mice were also placed within or near group C. Here the effect of the mutation is made “milder” by
tissue-specific usage of each Xpd allele product and/or interallelic complementation. (D) Animals with NER progeria (Table 3) die nearly
uniformly around weaning, leaving little time for stochastically accumulating lesions to manifest in phenotype. (E) XpbXPCS XpdTTD mice
have defects in the repair of oxidative DNA damage (Fig. 2G and H) but may, in addition, have defects in activated transcription (18, 35),
explaining their failure to survive beyond 1 to 2 days after birth (Table 3). Mouse models generated in this study are indicated (bold).
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oxidative DNA damage, indicating that the repair of oxidative
lesions occurs through pathways outside the classically defined
NER, where Xpa plays an indispensable role (24). XpbXPCS

single-mutant cells were mildly hypersensitive to gamma rays
but not significantly to paraquat. As mentioned, cells from the
very-short-lived XpbXPCS XpdTTD mutants exhibit sensitivity to
both gamma irradiation and paraquat. Taken together, these
observations are in line with previously published data dem-
onstrating a repair defect of oxidative DNA lesions in CS and
XPCS (3, 22, 25, 26, 56, 59). However, which lesions and
mechanism trigger overlapping premature aging symptoms in
CS, XPCS, and TTD and in mouse models exhibiting NER
progeria awaits to be discovered.

Summary. The current study describes the first mouse model
for XpbXPCS and sheds light on the disease etiology of XPB-linked
disease. Based on the in vivo and in vitro data, the developmental
and progeroid features linked to XPB-XPCS are likely to at least
in part result from the reduction of DNA repair capacity, and this
reduction includes non-NER-type TCR of oxidative lesions. We
suggest that in NER-related early progeroid conditions, stochastic
DNA damage accumulation may be an important phenotypic
determinant responsible for interindividual variation in clinical
symptoms.
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