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Trichothiodystrophy (TTD) patients with a mutation in theXPD gene of nucleotide excision repair (NER) have a short life span and
arious features of premature aging, thereby linking DNA damage to the aging process.XpdTTD mutant mice share many features with T
atients, including a shorter life span, accompanied by a segmental progeroid phenotype. Here we report new pathology feature

o the premature aging phenotype ofXpdTTD mice. Strikingly, accelerated aging pathology is accompanied by signs suggestive of
estriction (CR), a condition usually linked to retardation of age-related pathology and life extension. Accelerated aging symptomsXpdTTD

ice are most likely due to accumulation of endogenously generated DNA damage and compromised transcription leading to
hereas CR symptoms may reflect the need ofXpdTTD mice to reduce metabolism (ROS production) in an attempt to extend their life
ur current findings inXpdTTD mice further strengthen the link between DNA damage, repair and aging.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Aging is a progressive, time-dependent deterioration
n the capacity of an organism to properly function and
espond adaptively to environmental challenges resulting in
n increased vulnerability to death[1]. Within this process,
ellular macromolecules like DNA, lipids and proteins
ccumulate damage leading to the malfunctioning of cellular
rganelles (like mitochondria) and cellular processes. In
ddition, damaged macromolecules may cause necrosis
nd apoptosis of cells resulting in tissue and organismal
ysfunction, and therefore cans be considered as the ultimate

∗ Corresponding author. Tel.: +31 30 2742102; fax: +31 30 2744446.
E-mail address: h.van.steeg@rivm.nl (H. van Steeg).

driver of aging (reviewed in[2]). Damage to the genom
leads to essentially irreversible loss of genetic informa
and therefore will be more deleterious than damag
RNA, proteins or lipids that can be replaced[3]. A main
source of spontaneous somatic DNA damage likely invo
reactive oxygen species (ROS), natural by-product
normal oxidative energy metabolism[4,5]. More than
100 different types of oxidative DNA lesions have b
described, ranging from base modifications to single-
double-strand DNA breaks and interstrand cross-li
DNA-protein crosslinks as well as damage to the phosp
sugar backbone[6,7]. Oxidative DNA lesions might disru
vital processes like transcription and replication, resultin
cell death or (transient or permanent) growth arrest or
induce mutations or chromosome aberrations that lea
cancer.

568-7864/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.dnarep.2005.07.002
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To counteract the effects of (oxidative) DNA damage, an
intricate network of DNA repair pathways has evolved, each
focusing on a different class of lesions. One major DNA repair
pathway is nucleotide excision repair (NER), which removes
a broad range of bulky lesions including UV-induced dam-
age, chemical adducts as well as some forms of oxidative
damage[7,8]. NER entails a complex ‘cut and patch’-type
reaction involving over 30 proteins. Important core compo-
nents are the XPB and XPD helicases, which are subunits
of the TFIIH complex implicated as DNA helix opener in
both NER and in basal transcription initiation[9,10]. The
multi-functionality of the XPD (and XPB) protein is further
illustrated by the complex genotype–phenotype relationship
in human NER patients with a mutation inXPD. Site-specific
XPD mutations can lead to a variety of syndromes; xeroderma
pigmentosum (XP), XP combined with Cockayne syndrome
(CS), or trichothiodystrophy (TTD). XP patients are highly
predisposed to (skin) cancer, CS and TTD patients show var-
ious features of premature aging whereas XP–CS patients
display both[11,12].

The connection between NER deficiency and aging can be
extended to several other DNA damage repair and response
systems. Human segmental progeroid syndromes are fre-
quently caused by genetic alterations that partially or wholly
inactivate proteins that sense or repair DNA damage, like in
the case of ataxia telangiectasia (AT), Bloom syndrome (BS)
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2. Materials and methods

2.1. Mice

To perform longevity studies with extensive cohorts of
homozygous mutantXpdTTD mice and C57BL/6 controls
(Harlan), mice were passed through different rounds of breed-
ing.XpdTTD mice used in this study carry a R722W mutation
at the mouseXpd gene. Generation ofXpdTTD mice by target-
ing of theXpdR722W allele has been described previously[18].
To get a genetically homogenous background,XpdTTD mice
were back-crossed over 10 times into a C57BL/6 background.
To offer the future possibility to monitor genomic instability,
heterozygousXpd mutant mice as well as C57BL/6 controls
were crossed with pUR288-lacZ C57BL/6 transgenic mice
line 30, homozygous forlacZ integration on chromosome
11[19], carrying 21± 1 copies of the pUR288-lacZ plasmid
per haploid genome. In the second round of breeding, dou-
ble heterozygous mice were intercrossed to obtainXpdTTD

homozygous mice carrying one locus of the integrated copies
of the lacZ marker, used in the third breeding round to gen-
erate the experimental animals for the aging (and interim)
cohorts as described below. Mice were genotyped by a stan-
dard PCR reaction using DNA isolated from tail tips. Primers
to amplify the wild type and targetedXpd allele, as well as
primer sequences forlacZ determination have been described
p

2

h in
n the
i xed
a spec-
t sted
o als
p f 45
X red
d of
3 a
p and
b ent
s -
m
w ale
C rom
m ose
f mice
w ndi-
v live
w n in
t libi-
t ical
s g the
e of 10
i vity
nd Werner syndrome (WS)[13]. Hence, accelerated agi
ymptoms in both humans and mice with genetic defec
enome maintenance, strongly suggest that a wide-sp
trong connection exists between genome care-taking
ccelerated aging[14].

In order to further investigate the causes and mechan
hat underlie the aging process and the influence of gen
nstability on this process, we are currently perform
omplete lifespan studies of various NER-deficient mo
trains, all defective in one or both sub-pathways
he NER repair system (i.e.Xpa, Csb, Xpc and XpdTTD

ice) (reviewed in[15]). For these studies, the mou
utants were backcrossed over 10 generations in
omogeneous C57BL/6 background and their survival
ompared to wild type C57BL/6 controls under strict spe
athogen-free (SPF) conditions.

In this report, we focus on the previously descri
pdTTD mouse model and its segmental progeroid p
otype. The results obtained in the present study con
nd significantly extend the previous observations on
ouse model[16]. Here we report many new features

eported before inXpdTTD females. While most of the ne
eatures involve additional symptoms of premature ag
e also report phenotypes, consistent with what is norm
bserved in mice during dietary/caloric restriction,

ntervention that significantly increases lifespan and ret
ging-related pathology[17]. This observed dichotomy
athology of agingXpdTTD female mice might be related

he complex roles of theXpd gene in both DNA repair an
ranscription.
,

reviously[18,19].

.2. Experimental design

Mice were marked and randomized at the day of birt
ine different groups, i.e. the longevity cohort, or one of

nterim cohorts in which the mice were sacrificed at a fi
ge of 2, 6, 13, 26, 52, 78, 91, 104, 117 or 130 weeks, re

ively (scheduled sacrifice). The interim cohorts consi
f 15 XpdTTD mice, as well as 15 C57BL/6 control anim
er sex per time point. In the longevity cohort, a total o
pdTTD and 45 C57BL/6 controls per sex were monito
uring their entire life span. Additionally, a sub-cohort
0 wild typeXpdTTD littermate controls was examined in
arallel longevity study to compare survival, pathology
ody weight with the true C57BL/6 cohort. In the pres
tudy, only the findings of femaleXpdTTD and C57BL/6 ani
als are reported because data obtained with femaleXpdTTD

ild type littermates were very similar to those from fem
57BL/6 mice (data not shown). Furthermore, results f
aleXpdTTD and C57BL/6 mice were comparable to th

rom females (data not shown). The health state of the
as checked daily, beginning at the day of weaning. I
idual animals were weighed biweekly to determine
eights. All animals were kept during their entire life spa

he same and stringently controlled environment, fed ad
um under a normal day/night rhythm. The microbiolog
tatus of the cohorts was monitored every 3 months durin
ntire study. Food intake was determined in a subgroup

ndividual animals per genotype. Animals from the longe
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cohort were removed from the study only when found dead or
moribund. Complete autopsy was performed on animals of all
cohorts; a total of 45 different tissues was isolated from each
animal and stored for further analysis. Total animal weights
as well as various organ weights were determined at time of
death.

2.3. Pathology

Organ samples (40 organs and tissues) of intact animals
and dissected for histopathology, were preserved in a neutral
aqueous phosphate-buffered 4% solution of formaldehyde
(10% neutral buffered formalin). In addition, samples of
17 different organs were snap-frozen in liquid nitrogen for
further molecular biological analyses (to be published else-
where). Tissues required for microscopic examination were
embedded in paraffin wax, sectioned at 5�m and stained
with haematoxylin and eosin. Kidneys were also stained with
Periodic Acid Schiff (PAS) and unstained slides were pre-
pared of liver, brain, adrenal, ovaries and heart for lipofuscin
UV-fluorescence determination. Other staining methods were
used incidentally if necessary. Detailed microscopic exami-
nation was performed on all organs and tissues of all female
XpdTTD and C57BL/6 control mice. Histopathological abnor-
malities were recorded using the PATHOS pathology data
acquisition software and if possible, a cause of death was
e
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Fig. 1. Age-matchedXpdTTD and C57BL/6 mice of∼90 weeks old. On the
left, a C57BL/6 mouse and right aXpdTTD mouse which is much smaller
and tinier. Also, brittle hair and skin lesions are clearly visible.

females, which persisted during the rest of their lives. In gen-
eral, C57BL/6 females gained weight until the age of 86–90
weeks with a mean weight of 39.0± 6.2 g. After the age of
90 weeks, the majority of the wild type animals started to
loose weight to a mean weight of about 32.0 g at the time of
death. Body weights of femaleXpdTTD wild type littermates
were comparable to those of the C57BL/6 controls (data not
shown).XpdTTD females however, remained low in weight
during their entire life span. The mean weight was about 25 g
from the age of 36 weeks until 90 weeks, showing a remark-
able tight distribution for over a 1.5–2-year period. Also,
XpdTTD female body weights displayed a tendency to decline
in the final weeks of their life and as can be expected from
mice with a lower body weight and diminished fat reserves;
this drop was not as pronounced as observed in C57BL/6
mice. Average weight at the time of death inXpdTTD females
was 23.3± 2.5 g. Importantly, the difference in body weight
betweenXpdTTD and C57BL/6 mice could not be explained

F g
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stablished for each animal.

.4. Statistical evaluation

Statistical analyses of mortality curves included calc
ion of Kaplan–Meier distributions of survival of the tw
ifferent genotypes and comparison by a two-sided
ank test (SPSS, Version 11). Also, cause of death (C
as analyzed using the Kaplan–Meier survival statis

ncidences of lesions and tumors were analyzed with
isher’s exact test and with the method of Peto, respec

20].

. Results

.1. Body weights and food intake

XpdTTD mice have a remarkable phenotype that cle
imics a segmental progeroid syndrome (Fig. 1) [16]. One

triking hallmark of adultXpdTTD mice is a reduced bod
eight. In order to get more knowledge on bodyweight ki

cs during life, we determined biweekly the bodyweight
pdTTD and control C57BL/6 female mice. Results of in
idual animals (live weights) are plotted inFig. 2. From
his graph it is clear that at early age, growth chara
stics for theXpdTTD females were quite similar to tho
f C57BL/6 control females. However, when female m
eached the age of 13 weeks, striking differences in b
eight gain became apparent betweenXpdTTD and C57BL/6
ig. 2. Body weight curves ofXpdTTD and C57BL/6 female mice durin
ife. Weights ofXpdTTD females are depicted in blue, weights of C57B
ontrol females in red. (For interpretation of the references to color in
gure legend, the reader is referred to the web version of the article.)
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Fig. 3. Survival curves ofXpdTTD (blue) and C57BL/6 (red) female mice.
A statistical significant difference was determined using Kaplan–Meier sur-
vival statistics with Log rank test:p-value = 0.0163. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of the article.)

by a difference in food intake as determined in a sub-cohort
of female mice during the first 26 weeks of life. BothXpdTTD

females and C57BL/6 control mice consumed 30–35 g of
food per week during this period (data not shown).

3.2. Survival of XpdTTD and C57BL/6 female mice

The survival curves for the aging cohorts of femaleXpdTTD

as well as C57BL/6 mice as presented inFig. 3are based on
45 animals per genotype. All animals were removed from
the cohort when found dead or when they appeared mori-
bund. In Table 1, the age of each group at 50% survival
(median survival) and maximal survival (mean age of the
oldest 20%) are summarized, and the age of the oldest sur-
vivor of each genotype is listed. The median survival of
XpdTTD females (93 weeks) appeared significantly reduced
(p = 0.0163, Kaplan–Meier with Log rank test) compared to
the median survival of the C57BL/6 wild type controls (103
weeks). Also, the average of the longest-lived 20% of the
XpdTTD cohort was lower than in C57BL/6 females, as well
as the age of the oldest survivor (Table 1). Again, survival
curves ofXpdTTD wild type littermates were comparable to
those of C57BL/6 controls (data not shown).

3.3. Organ weights
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complicated. Absolute and relative organ weights should be
evaluated together and in conjunction with body weights.
Presented are the organ weights of scheduled interim sacri-
fices, since these weights give a good impression of the trends
in organ weights in time in relatively healthy animals not
suffering from terminal diseases. The absolute brain weight
(Fig. 4A) was within a narrow range and was only slightly
lower inXpdTTD mice compared to C57BL/6 control females.
In contrast to the relatively stable brain weight, the other
organs weights determined (heart, kidney, liver, spleen and
thymus) are known to be influenced by variations in growth,
diet, physiology or health status. Therefore, relative weights
are more informative for these organs (Fig. 4B–F). Evalua-
tion of the lymphoid organs revealed a considerable decrease
in relative (and absolute) thymus weights during life in WT
mice as expected and consistent with aging, but this decline
was distinctly more pronounced inXpdTTD females (Fig. 4B).
The relative spleen weights of both genotypes (Fig. 4C)
tended to increase in time and were higher inXpdTTD than in
C57BL/6 mice up to 78 weeks but decreased afterwards in
XpdTTD mice only. TheXpdTTD females showed a higher vari-
ation in splenic weight, which is probably due to increased
extramedullary hematopoiesis in many animals, whereas oth-
ers showed lymphoid depletion. The kidney increased in
weight over the whole lifespan in both genotypes and rela-
tive kidney weights were higher inXpdTTD than in C57BL/6
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Analysis of organ weights in groups of animals w
onsiderably different growth and terminal body weight

able 1
urvival curve summary female mice

C57BL/6 XpdTTD

0% Survivala 103 93
0% Survivalb 121 115
ldest survivorc 133 121
a Median survival in weeks (first week of 50% mortality).
b The average of the longest-lived 20% of a cohort in weeks.
c Age in weeks.
ice (Fig. 4D). This implies that the kidney weight stays h
hile the overall body weight declines, due to loss of su

aneous and abdominal fat byXpdTTD females (see below
he heart weights of all mice increased over the whole ex

mental period and surprisingly not only the relative but a
he absolute heart weights were higher inXpdTTD mice when
ompared to the C57BL/6 controls, despite the low b
eights (Fig. 4E). Liver weights in female mice increas

n C57BL/6 mice during aging, whereas the liver weig
emained more or less the same inXpdTTD mice over time
Fig. 4F). In summary, the weights of heart, kidney and sp
ppeared to be higher and thymus weights were low
pdTTD females when compared to C57BL/6 controls.

.4. Hematological findings

In keeping with our previous findings[16], XpdTTD mice
howed reduced red blood cell counts (RBC) during t
hole life span. For instance, RBC values were 7.4,
nd 7.6× 1012 cells/l for XpdTTD mice and 8.6, 8.4 an
.3× 1012 cells/l for C57BL/6 controls at the age of 52,
nd 104 weeks, respectively. This RBC decrease in m
ice was associated with decreased hemoglobin and h
crit values. However, the mean cellular hemoglobin con

ration (MCHC) as well as mean corpuscular volume (MC
as not altered inXpdTTD mice versus the C57BL/6 contro

data not shown), pointing to a mild normochrome anem
pdTTD mice. Platelets increased initially in both genoty
nd were relatively high inXpdTTD females but decreas
fter the age of 78 weeks (from 1392 to 1151 at the
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Fig. 4. Organ weights at time of schedules sacrifice. (A) Absolute brain weight in grams. Relative weights (as % of total weight) of thymus (B), spleen (C),
kidney (D), heart (E) and liver (F). Organ weights ofXpdTTD females are depicted in blue, organ weights of C57BL/6 control females in red. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

of 104 weeks). The amount of white blood cells showed a
considerable variation over the whole experimental period in
both genotypes (data not shown).

3.5. Causes of death

In Table 2, the causes of death are listed for bothXpdTTD

and C57BL/6 control mice as determined by combined gross
and microscopic pathology. It is clear from this table that
striking differences exist between the two genotypes. While
in C57BL/6 control females most of the mice died of neo-

plasms (35%) and (skin) inflammation (50%), these numbers
were much lower in theXpd mutant mice (20 and 6%, respec-
tively). In contrast, the most common cause of death in
XpdTTD mice was anorectal prolapse (34%) or a general con-
ditional decline without major pathological conditions that
could be designated as a primary cause of death or a reason
for the moribund state (31%). These phenomena were hardly
found in the wild type controls (0 and 8%, respectively).
Using the Kaplan–Meier survival statistics, both decrease
in (skin) inflammation (p < 0.01) and increase in anorectal
prolapse or conditional decline (p < 0.001) were statistically
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Table 2
Causes of death inXpdTTD and C57BL/6 mice

C57BL/6 XpdTTD

n = 40 % n = 35 %

Neoplasms 14 35 7 20
Inflammation 20 50 2 6*

Multiple pathology 0 0 2 6
Prolaps 0 0 12 34**

Circulatory disorders 2 5 0 0
Conditional decline 3 8 11 31**

Other 1 3 1 3

N.B. A cause of death was only given when complete autopsy and full
histopathology was performed. Autolysed mice were excluded. Statistically
significant difference using Kaplan–Meier survival statistics* p < 0.01 and
** p < 0.001.

significant. However, the decrease of neoplasms as a cause
of death observed in theXpdTTD mice did not reach the level
of statistical significance (see also next section).

3.6. Tumor development during aging

A summary of tumor incidence in old female C57BL/6
wild types andXpdTTD mice at the time of death is shown in
Table 3A. FromTable 2it becomes clear that wild type mice
mostly died of neoplasia (fatal tumors) while forXpdTTD mice
other diseases were more life threatening (see above). How-
ever, mice of both genotypes showed occult tumors that were
not the actual cause of death, but were found incidentally in
mice dying of another cause (incidental tumors). InTable 3A,
whenXpdTTD females were compared with C57BL/6 control
mice at the time of death, both the total number of benign
and malignant tumors appeared to be lower inXpdTTD mice.
This indicates that there is no difference in tumor progression
between the two genotypes. The percentage of tumor-bearing
animals (54.3% versus 75%) and the mean number of tumors
per mouse (0.6 versus 1.0) appeared to be lower inXpdTTD

mice when compared to wild type controls. Also, asXpdTTD

mice live shorter, the tumors were found earlier than in wild
type controls (mean latency time of 699 and 788 days, respec-

Table 3A
T or
s

N
N
T
M
N
N 8.6
M

M BL/6
a

Peto
m

Table 3B
Tumor development inXpdTTD and C57BL/6 mice at the time of death:
individual tumor types

C57BL/6 XpdTTD

n = 40 n = 35

Adrenal Pheochromocytoma (benign) 0 3
Bone Osteosarcoma 2 0
Head Squamous cell carcinoma 0 1
Harderian gland Adenoma 1 0

Lymphatic system Lymphoma 10 3*

Histiocytic sarcoma 3 3

Liver Hepatocellular carcinoma 0 1
Sarcoma 1 0

Lung Bronchiolo-alveolar carcinoma 0 1
Pituitary Pars distalis adenoma 20 3**

Small intestines Leiomyosarcoma 1 0
Skin Melanoma (benign) 0 1
Thyroid Follicular cell adenoma 1 2

Vascular system Hemangioma 2 3
Hemangiosarcoma 1 1

Mean age at time of death for the mice analyzed is 99.6 weeks for C57BL/6
and 90.8 weeks forXpdTTD mice. Statistically significant difference using
Fisher’s exact test* p < 0.05 and** p < 0.001. Statistically significant differ-
ence using method of Peto** p = 0.002. Incidences of all other tumors are
too low to reveal statistically significant differences.

tively). However, although there is a clear trend for lower
tumor frequencies inXpdTTD mice, at present no firm conclu-
sion on significant differences in cancer proneness between
genotypes can be drawn. For that, further pathology analyses
on cross sectional kills are needed.

Incidences of the individual tumor types at the time of
death are summarized inTable 3B. All tumors belonged to
the spectrum normally observed in aging C57BL/6 mice. The
incidences of the majority of these tumors were too low (less
than 5%) to reveal any significant differences between the
genotypes. As expected, only lymphomas and pituitary pars
distalis adenomas had a relatively high incidence in C57BL/6
females and appeared to have a distinctly lower incidence
in XpdTTD mice (Table 3B). These differences were statisti-
cally significant for both lymphomas (p = 0.05) and pituitary
adenomas (p < 0.001, Fisher’s exact test). However, when the
data were corrected for differences in survival, using the Peto
method[20], only the incidence of pituitary adenomas, but
not lymphomas, was statistically significantly decreased in
XpdTTD mice (p = 0.002 andp = 0.26 two-sided, respectively).

3.7. Non-neoplastic pathology

In addition to tumors, both C57BL/6 andXpdTTD mice
showed a large variety of non-neoplastic pathological abnor-
malities in several organ systems: inflammatory, prolifera-
t lities
a ice.
M egree
a ssed
h

umor development inXpdTTD and C57BL/6 mice at the time of death: tum
ummary in female mice

C57BL/6 XpdTTD

n = 40 % n = 35 %

umber of benign tumors 24 12
umber of malignant tumors 18 10
otal number of tumors 42 22
ean number of tumors per mouse 1.1 0.6
umber of tumor bearing animals 30 75.0 19* 54.3
umber of multiple tumor bearers 12 30.0 3
edian latency (50% percentile)a 788 699

ean age at time of death for the mice analyzed is 99.6 weeks for C57
nd 90.8 weeks forXpdTTD mice.
a Median tumor latency in days.
* p = 0.10 (Fisher exact test two-sided) and not significant with the
ethod.
ive, degenerative or regressive. Many of these abnorma
re known to increase with age in C57BL/6 wild type m
ost of these lesions occurred to about the same d
nd incidence in both genotypes and will not be discu
ere any further. In addition, pathology features inXpdTTD
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Table 4
Histopathology differences inXpdTTD and C57BL/6 mice at the time of death

C57BL/6 (n = 40) XpdTTD (n = 35)

Incidence Severity Incidence Severity

(A) Differences consistent with accelerated aging
Osteoporosis femur 88.2 3.3 97.1 4.1
Hepatic lipofuscin accumulation 85.0 1.6 97.1 3.1
Hepatic intranuclear inclusions 10.0 0.1 28.6 0.5
Hepatocellular atrophy 5.0 0.1 34.3 0.5
Renal karyomegaly 17.9 0.2 38.2 0.7
Renal tubular dilatation 30.8 0.5 85.3 2.2
Renal hyaline glomerulopathy 15.4 0.3 52.9 1.1
Aortic sarcopenia 5.6 0.1 87.9 2.0
Lymphoid depletion spleen 30.8 0.4 85.7 2.0
Lymphoid depletion thymus 82.8 2.6 100 3.7
Skin reduced hypodermal fat 18.9 0.5 85.7 2.9
Heart lipofuscin accumulation 100 1.9 100 2.3

(B) Trichothiodystrophy-specific differences
Anorectal prolapse 0 n.a. 51.4 n.d.
Duodenal atypical hyperplasia 0 n.a. 17.6 0.5
Skin ulcerative dermatitis 45.9 1.5 8.6 0.3
TTD skin lesionsa 0 n.a. Increased n.d.

(C) Differences consistent with dietary restriction
Skin ulcerative dermatitis 45.9 1.5 8.6 0.3
Skin reduced hypodermal fat 18.9 0.5 85.7 2.9
Cataract of eye lens 42.1 0.7 9.1 0.1
Nerve demyelination 59.0 1.1 11.8 0.1
Pituitary adenoma 51.3 n.a. 8.6 n.a.
Thyroid follicular cell hyperplasia 21.6 0.4 5.9 0.1
Thyroid follicular distension (“cold follicles”) 94.6 2.6 85.7 1.9
Inflammation in various organs Decreased
Lacrimal gland lipofuscin accumulationb 94.3 1.7 46.9 0.5
Lacrimal gland Harderian type acinib 57.1 1.3 21.9 0.4
Adrenal extramedul hematopoiesisb 45.0 1.0 34.3 0.6
Brain eosinophilic inclusions thalamusb 55.0 1.0 34.0 0.6

Incidences are determined at the time of death and given in %, severity in a score (scale 1–5), mean severity is calculated per group; Mean age at time of death
for the mice analyzed is 99.6 weeks for C57BL/6 and 90.8 weeks forXpdTTD mice. n.a., not applicable; n.d., not determined.

a TTD skin lesions is an assembly of acanthosis, hyperkeratosis, sebaceous hyperplasia, mast cell infiltration, extra-cellular melanin and follicular distention.
No quantitative grade of severity is depicted for the separate features.

b Possibly consistent with dietary restriction (not found in literature).

wild type littermates were found to be comparable to those
in C57BL/6 females (data not shown). Several abnormali-
ties showed biological (and statistical) relevant differences
in incidence and/or severity betweenXpdTTD and C57BL/6
mice. These differences can be subdivided into various cate-
gories as pointed out below (see alsoTable 4).

3.7.1. Accelerated aging features
Histopathological features of this category were consis-

tent with and added on the earlier described premature aging
phenotype of theXpdTTD mice[16]. Age-related pathology at
the time of death was found to be most overt in liver, kidney,
bone as well as lymphoid tissues (Table 4A; Fig. 5A). Lipo-
fuscin accumulation in the liver was distinctly most severe
in XpdTTD females (Fig. 5A-III). The age-related pigment
was present mainly in Kupffer cells, but also in hepatocytes.
A similar trend was present in the heart ofXpdTTD mice,
although to a lesser extent. Eosinophilic or ‘empty’ hep-
atic intra-nuclear inclusions occurred to a higher extent in

XpdTTD than in C57BL/6 mice. Hepatic intra-nuclear inclu-
sions increase with age and are generally considered to be
invaginations of the nuclear membrane containing cytoplasm
[21]. Renal karyomegaly, seen as large, frequently bean-
shaped nuclei in epithelial cells of the pars recta of the prox-
imal renal tubules was slightly more pronounced inXpdTTD

mice. Furthermore, the renal tubules were frequently dilated,
which might be the cause of the high relative kidney weights
of XpdTTD mice. Renal hyaline glomerulopathy occurred gen-
erally to a mild degree in C57BL/6 mice, but was much more
pronounced inXpdTTD females (Fig. 5A-II). Evidence for the
occurrence of osteoporosis of the femur, characterized by loss
of trabecular bone, as well as kyphosis (although not quanti-
fied) was found inXpdTTD mice (Table 4; K. Diderich et al.,
in preparation). The increase of lymphoid depletion of the
spleen inXpdTTD females was characterized by a decreased
lymphocytic density and a smaller extent of the splenic white
pulp area. This may provide an explanation for the decline
in spleen weight observed later in life for theXpdTTD mutant
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Fig. 5. Examples of histopathology differences betweenXpdTTD and C57BL/6 female mice. Examples of age-related (A-I–III), TTD-specific (B-IV) and caloric-
restriction-related differences (B-V, VI) are depicted. The upper picture of every set is of anXpdTTD mouse, the lower picture of a C57BL/6 mouse.Age-related
pathology differences: (I) aortic sarcopenia in anXpdTTD female (644 days) and C57BL/6 mouse (662 days). Note the scarcity of nuclei between the elastic
fibers in theXpdTTD aorta. (II) Kidney hyaline glomerulopathy in anXpdTTD female (497 days) and C57BL/6 mouse (722 days). PAS-positive purple stained
deposits (negative for amyloid) within glomeruli of theXpdTTD kidney that were absent in the C57BL/6 control kidney. (III) Lipofuscin fluorescence (UV) in
the liver of anXpdTTD mouse (735 days), which was distinctly less in a C57BL/6 female (855 days). (IV) TTD-specific atypical epithelial hyperplasia of the
duodenum at the gastroduodenal junction. Note the crowding of nuclei and the disorganized aspect in theXpdTTD duodenum (735 days). Normal duodenum
of a C57BL/6 mouse (624 days) is shown for a clear comparison.Dietary restriction-related pathology differences: (V) cataract of the eye lens of a C57BL/6
mouse (722 days), note the swollen and vacuolated lenticular fibers. The lens of theXpdTTD female (659 days) is relatively normal. (VI) Thyroid with distended
follicles in a C57BL/6 female (764 days) and normal-sized follicles in aXpdTTD female (609 days).Pictures were obtained using HE staining (I, IV, V, VI) or
PAS-staining (II). For III, unstained slides were used. Magnification bars shown represent 0.1 mm in all pictures (except the thyroid (VI): 1 mm). Upper and
lower picture in one panel show the same magnification. Objectives used were 5× (VI), 20× (III, IV) or 40× (I, II, V).

mice. The normal age-related involution (lymphoid atrophy)
of the thymus, with loss of organoid structure and decrease
in size, was more pronounced inXpdTTD than in C57BL/6
mice and correlated with the decreased organ weights. Aor-
tic sarcopenia was defined as loss of muscle cells in the
tunica media, a condition that occurred almost exclusively
in XpdTTD mice (Fig. 5A-I). Since the number of muscle
cells in aortas of 3 and 6 months oldXpdTTD mice did not
differ from those of age-matched C57Bl/6 controls (data
not shown), aortic sarcopenia should be considered as a
real aging-related phenomenon. Another conspicuous fea-
ture, specifically present in agingXpdTTD mice, was reduced
or absent hypodermal fat as compared to C57BL/6 mice of

the same age. This explains the consistent lower body weights
of theXpdTTD animals.

3.7.2. XpdTTD-specific features
The second category of pathology differences consisted

of differences specifically for the TTD phenotype that man-
ifest during the whole lifespan (Table 4B; Fig. 5B). One of
the most striking hallmarks of TTD patients is the brittle-
ness of hair as was also found inXpdTTD mice. In more
detail,XpdTTD mice showed acanthosis, hyperkeratosis, seba-
ceous gland hyperplasia, mast cell infiltration, extra-cellular
melanin and follicular distention in the skin (mentioned as
TTD skin lesions inTable 4B). Duodenal epithelial hyper-
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plasia just near the gastro-duodenal junction occurred mainly
in XpdTTD mice (Fig. 5B-IV). However, no intestinal tumors
were observed in this area in any of the mice. A striking fea-
ture of XpdTTD mice in our study was anorectal prolapse, a
condition in which a part of the rectum protrudes through
the anus. Since this change was followed by perianal inflam-
mation and ulceration it was a frequent cause of death of
XpdTTD mice (see above). The non-protruding part of the
rectal mucosa of affected animals appeared not to be altered,
however. No evidence of inflammation of the large intestines
was found, a condition that has been associated before with
rectal prolapse[22]. In conclusion, the observed anorectal
prolapse inXpdTTD mice is probably associated with the pro-
longed cachectic state of the mice or withXpdTTD-specific
changes in the perianal musculature and as such there is no
relationship with aging per se.

3.7.3. Signs of caloric restriction
Apart from the aging-related changes andXpdTTD-specific

changes, we found a third unexpected category of altered
(reduced) pathology inXpdTTD mice at the time of death,
consistent with a phenotype associated with dietary/caloric
restriction (CR)(Table 4C; Fig. 5B). These features include a
considerably lower incidence and/or severity inXpdTTD mice
of the following symptoms: de-myelination of the periph-
eral nerve, cataract (Fig. 5B-V), thyroid follicular distension
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of the NER system (i.e.Xpa, Csb, Xpc andXpdTTD mice). In
the present study, we focused on theXpdTTD mouse mutant,
previously shown to display a segmental premature aging
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human trichothiodystrophy patients[12]. A cohort of female
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4.1. TTD is a segmental progeroid disorder
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was a very interesting observation since the accumulation of
this pigment can be associated with oxidative damage[28],
underlining the theory that defects in genome maintenance
may be directly related to accumulating aging features. How-
ever, as the XPD protein functions both in DNA repair and
transcription (initiation), it needs to be established whether
the observed lipofuscin accumulation is due to defects in
global genome NER, damage-induced interference of tran-
scription by TCR or inactivated or constitutive transcription
initiation of RNA polymerase I and II promoters. Also, renal
karyomegaly has been associated with accumulation of DNA
damage (M. Luijten et al., in preparation). One of the most
pronounced age-related pathological differences between old
XpdTTD and control females was aortic sarcopenia. This loss
of aortic muscle cells was particularly enhanced in old mice.
This loss together with the age-related growth retardation
and skeletal abnormalities inXpdTTD mice, underlines the
hypothesis that TTD is not a developmental disorder, but is
truly due to early onset of specific aging-related symptoms.

Besides these genuine progeroid features ofXpdTTD mice,
we also found (TTD-related) features that do not meet age-
related criteria. These are (i) the TTD-specific aberrant brittle
hair and skin abnormalities; (ii) increase of duodenal atypical
hyperplasia; (iii) anorectal prolapse probably as a conse-
quence of the cachectic state of the mice. It is our hypothesis
that these TTD-specific features are caused by a transcrip-
t nc-
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further support our CR hypothesis (Suh et al., manuscript in
preparation).

In conclusion, it is conceivable to assume that inefficient
energy uptake is advantageous toXpdTTD mice. Under such
conditions, production of harmful metabolic side products
(like ROS) will be decreased which is in favor of DNA-repair
deficientXpdTTD mice, and clearly more general to all living
organisms when survival is considered.
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