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Abstract

The attrition of stem cells and of proliferating compartments that characterizes aging 
correlates with the accumulation of endogenous DNA lesions during life. To explore 
the existence of a causal relation between replicative stress at unrepaired endogenous 
DNA lesions and aging we used mice deficient for the translesion replication gene 
Rev1. Rev1‑/‑ mice displayed stem cell attrition and mild progeroid phenotypes that 
were exacerbated by simultaneous deficiency of the global-genome nucleotide excision 
repair (GG-NER) gene Xpc. Rev1‑/‑Xpc‑/‑ mice displayed chronic replicative stress, 
cellular senescence and apoptosis in proliferating compartments, and predisposition to 
aging-associated lymphomas. We demonstrate the involvement of Rev1 in replicative 
bypass of peroxidated lipid aldehyde-DNA adducts, a known aging marker and GG-NER 
substrate. Replicative stress did not induce compensatory somatotrophic suppression, 
unlike transcriptional stress. Combined, these data provide strong support for a causal 
role in aging of replicative stress at accumulating endogenous bulky DNA adducts.
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Aging is associated with the accumulation of endogenous DNA lesions, with the 
attrition of stem cells and with the loss of proliferative compartments (Chou et al., 
2010; Dykstra et al., 2011; Geiger et al., 2009; Hoeijmakers, 2009; Maslov et al., 2009; 
Rossi et al., 2007; Ruzankina et al., 2008; Wang et al., 2012; Winczura et al., 2012). 
However, the mechanistic relation between DNA damage and aging largely is elusive. 
Most damaged genomic nucleotides are repaired by excision repair pathways, including 
GG-NER that specifically repairs bulky and helix-distorting nucleotide lesions 
(Hoeijmakers, 2009). During DNA replication, damaged nucleotides that have evaded 
repair require specialized bypass mechanisms that thereby suppress replicative stress 
and genome instability. Translesion replication (TLR) comprises a set of specialized 
DNA polymerases with reduced template stringency and is a major pathway to replicate 
damaged nucleotides (Sale et al., 2012). Since Rev1 is a key regulator of TLR (Jansen et 
al., 2006; Sale et al., 2012), we argued that Rev1-deficient (Rev1) mice would be useful 
tools to investigate the involvement of replicative stress at unrepaired endogenous 
DNA lesions in aging. 

Rev1 embryos were present at the expected ratio and displayed no overt defects 
(Figs. S2A and B). Rev1 pups were slightly underrepresented and the mice displayed 
mild growth retardation (Figs. S2A-D), supporting previous data (Jansen et al., 2006). 
Moreover, the median and maximal lifespans of Rev1 mice were reduced, and they 
prematurely developed an aged appearance (Figs. S2E and F). Compared with age-
matched wild type littermates, livers of these Rev1 mice displayed enhanced signs of 
aging-associated degeneration, including steatosis, karyomegaly, and accumulation 
of the lipid degradation product lipofuscin (Thoolen et al., 2010) (Figs. S3A and B; 
Table S1). In all Rev1 mice gonads were unusually small (Fig. 1A). Ovaries were depleted 
of follicles and in most testicular tubules spermatogenesis was absent (Figs. S3C and D). 
Gonads were largely devoid of cells positive for the germ cell marker GCNA1 already 
in juvenile Rev1 mice (Wang et al., 1996) (Figs. 1B, Figs. S3E and F), indicating an early 
germ cell defect. In adult Rev1 mice, GCNA1 staining appeared normal in the residual 
follicles and active seminiferous tubules, and these displayed normal spermatogenesis 
(Figs. S3D and G). Indeed, Rev1 males occasionally begot progeny. 

In most aged Rev1 mice the cellularity of the bone marrow was reduced, compared 
with the controls (Fig. 1C and Table S1). To further analyse the hematopoietic 
compartment of the Rev1 mice, we isolated quiescent hematopoietic stem cells (HSCs; 
LSK CD48- CD34- EPCR+ CD150+) and derived hematopoietic progenitors (LSK 
and LSK CD34-) (Dykstra et al., 2011) from bone marrow of 18-months old mice, 
prior to the onset of aging pathology. The absolute and relative frequencies of these 
cell types did not significantly differ between the genotypes (Fig. 1D). Rev1 HSCs 
displayed wild type viability upon mitogenic stimulation in vitro, as assessed with a 
cobblestone area forming colony (CAFC) assay (Fig. 1E). However, when grown in 
cytokine-supplemented cultures, the size of the Rev1 colonies was reduced, compared 
with controls, indicating a proliferative defect (p<0.001, Fig. S4). To investigate the in 
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Figure 1 | Germ and stem cell attrition 
in Rev1 mice. (A) Bouin-fixed testes (left) 
and ovaries (right) of 2  month-old wild 
type and Rev1 littermates. (B) Staining for 
GCNA1-positive (brown) germ cells in 
testes from 6 day-old wild type and Rev1 
males. Sections were counterstained with 
Hematoxylin. Arrowhead: GCNA1-positive 
tubules. (C)  Section of the femur of a 
20-month old Rev1 mouse revealing loss of 
cellularity compared with an age-matched 
wild type control. Dark blue: hematopoietic 
cells. Size bar: 200 μM. (D)  Frequencies of 
heterogeneous Lin-Sca-1+c-kit+ (LSK), short-
term repopulating LSK CD34- and long-term 
repopulating HSC (LSK CD48- CD34- EPCR+ 
CD150+) cells, isolated from bone marrow 
from healthy 18  month-old wild type and 
Rev1 mice. (E) In vitro proliferation (CAFC) 
assay of HSCs isolated from bone marrow. 
Error bars: SD. (F) Competitive in vivo bone 
marrow repopulation assay of HSCs isolated 
from bone marrow from 3 wild type and 
Rev1 donors. For each donor, 200 HSCs were 
mixed with 1.2x106 W41.SJl competitors per 
recipient (3-5 recipients per experiment). The 
Y-axis depicts the contribution of wild type 
or Rev1 cells to the repopulated bone marrow, 
relative to the competitors. **: p<0.01, ***: 
p<0.001, two-tailed t-test. Error bars: SD.
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vivo functionality of the HSCs, we measured their capacity to reconstitute the bone 
marrow of lethally irradiated recipients using a competitive repopulation assay. This 
experiment revealed a highly significant competitive defect of the Rev1 HSCs (Fig. 1F). 
A decline in the competitive repopulation capacity of HSCs is characteristic also of 
physiological aging (Dykstra et al., 2011; Geiger et al., 2009). 

The failure of Rev1 germ cells and HSCs to (re)populate their respective compartments, 
and the progeroid phenotypes of Rev1 mice, suggested a causal relation between 
replicative stress at endogenous DNA lesions, the attrition of proliferating cells, 
and aging. Rev1-mediated TLR is required for the replicative bypass of nucleotide 
lesions that have escaped repair by GG-NER, as was illustrated by the synergistic 
hypersensitivity to ultraviolet light of Rev1Xpc mice and mouse embryonic fibroblasts 
(MEFs; Fig. S5). We reasoned that exacerbation of the Rev1 aging phenotypes by 
simultaneous GG-NER deficiency would provide evidence of a causal role for bulky 
nucleotide adducts. To test this, we analyzed cohorts of Rev1Xpc double and Xpc 
single-deficient mice. Xpc mice develop lung tumors at advanced age, but otherwise 
do not display spontaneous phenotypes (Melis et al., 2008). Rev1Xpc embryos were 
present at the expected frequency but displayed stochastic abnormalities (Figs. 2A 
and  B). Rev1Xpc pups were strongly underrepresented (Fig. 2A). Juvenile Rev1Xpc 
mice displayed no overt abnormalities, besides variably reduced sizes (Fig. 2C and Fig. 
S5C). However, at different age and with variable severity, degenerative phenotypes 
became apparent, including cachexia, anemia, and kyphosis (Fig. 2D), and the average 
and maximal lifespans of the Rev1Xpc mice were significantly reduced (Fig. 2E). Eight 
of these progeroid Rev1Xpc mice were sacrificed when moribund (6-13 months old; 
Fig. 2E and Supplementary Table 1), and analysed for features of aging. Livers of 
most Rev1Xpc mice displayed high levels of steatosis, karyomegaly and accumulated 
lipofuscin (Figs. 2F-H). Also in kidneys karyomegaly was observed (Figs. S6A and B). 
The gonads of Rev1Xpc mice mimicked those of the Rev1 mice. The epidermis of all 
tested Rev1Xpc mice was atrophic and keratotic, displaying a reduced number of cell 
layers (Fig. 2I) suggesting decay of the proliferating basal layer, whereas subcutaneous 
fat was lacking (Fig. S6C). Most significantly, the bone marrow of Rev1Xpc mice was 
virtually devoid of hematopoietic cells, suggestive of aplastic anemia (Fig. 2J).

The attenuation of lymphoid lineages is a characteristic of aging mice (Dykstra et 
al., 2011; Geiger et al., 2009). To investigate the lymphoid compartment in spleens 
from Rev1Xpc mice, we quantified B and T lymphocytes using bivariate fluorescent 
cytometry. In young Rev1Xpc mice, T and B cell compartments were normal (Figs. 
S7G and S8G). In contrast, in spleens of aging Rev1Xpc mice the naïve, IgM+IgD+, 
B-cell population was strongly reduced, compared with age-matched Xpc controls 
(Figs. 3A and B; Fig. S7). Whereas the CD4+ (helper) T cell population appeared 
normal, the CD8+ (cytotoxic) T cell population was attenuated in some of the Rev1Xpc 
spleens (Fig.  3C and Fig. S8). Strikingly, in a significant fraction of the Rev1Xpc 
mice (Χ2, p=0.03), spleens and/or lymph nodes were enlarged (Fig. S8M). Analysis 
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Figure 2 | Progressively degenerative phenotypes of Rev1Xpc embryos and mice. (A) Frequencies of live 
13.5-day Rev1Xpc embryos and pups from Rev1+/-Xpc-/- backcrosses. (B) Stochastic aberrations of 13.5-day 
Rev1Xpc embryos. Note developmental defects in forebrain and hindbrain, and defective vascularization, of the 
two bottom Rev1Xpc embryos, whereas the embryonic liver is absent in the bottom embryo. (C) A 2 months old 
Rev1Xpc mouse displaying a reduced body size, but no other overt phenotypes. (D) Overt stochastic features of 
progeroid Rev1Xpc mice include kyphosis, cachexia and anemia. Top and bottom pairs are littermates of 5 months 
old. The middle pair is the same as shown in Fig. 1C, but here at the age of 12 months. (E) Kaplan-Meier survival 
curve of the cohorts of Rev1Xpc mice and Xpc littermates (n=17 per cohort). Significantly reduced lifespan 
(t50=28 weeks; Mann-Whitney test, p<0.001). Spheres refer to mice subjected to extensive autopsy (Table S1). 
(F) Hematoxylin-Eosin (HE) staining of liver sections of 8-month old mice. Blue arrowhead: steatosis. Purple 
arrowheads: karyomegaly (indicative of polyploidization), black arrowheads: lipofuscin inclusions. (G) Relative 
levels of hepatic karyomegaly. ***: p<0.001. Error bars: SD. (H) Relative levels of hepatic lipofuscin. **: p<0.01. 
Error bars: SD. (I) HE staining of skin sections. The numbers refer to the number of epidermal cell layers (±SD, 
**: p<0.01; purple arrowheads). Blue arrowhead: keratosis of the Rev1Xpc epidermis. Also see Fig. S6C. (J) HE 
staining of a section from femurs. Black arrowhead: loss of bone marrow (aplastic anaemia) in the Rev1Xpc 
mouse. Purple arrowhead: bone resorption, indicating osteoporosis. Size bars: 200 μM.
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of these spleens revealed the presence of disseminated CD4+CD8+ (immature T cell) 
lymphomas (Fig. 3D; Figs. S8J and K), a malignancy common to physiologically aging 
mice (Frith et al., 1981). In contrast to these proliferating tissues, in (non-proliferating) 
brains of Rev1Xpc mice, no macroscopic or microscopic alterations were found, which 
differs from mice deficient for the transcription-coupled NER subpathway, in which 
transcriptional stress causes segmental progeria (Hoeijmakers, 2009; Niedernhofer et 
al., 2006).

Based on the synergy between the Rev1 and Xpc defects in embryonic, aging and cancer 
phenotypes we predicted that replicative stress at unrepaired endogenous DNA lesions 
is increased in the Rev1Xpc mice. Indeed, splenocytes from progeroid Rev1Xpc mice 
displayed increased, but variable, levels of phosphorylated H2AX (γH2AX), a marker 
of replicative stress and associated double-strand DNA breaks that characterizes 
senescent cells in aging mice (Wang et al., 2009) (Fig. 3E). Consistently, expression 
of the senescence and aging-related genes p16Ink4A (Ruzankina et al., 2008; Geiger et 
al., 2009) and Gadd45A (Passos et al., 2010) was increased (Fig. 3F) and abundant 
apoptosis was observed in the Rev1Xpc spleens (Figs. 3G and H). We conclude that 
replicative stress at endogenous DNA lesions induces senescence and apoptosis of 
proliferating cells in Rev1Xpc mice.

We then investigated the nature of the endogenous bulky DNA lesions responsible for 
the progeroid phenotypes of Rev1 and, more prominent, Rev1Xpc mice. The aging-
related phenotypes of the skin (Chen et al., 2012), liver (Gorla et al., 2001; Thoolen 
et al., 2010), germ cells (Turner et al., 2008), HSCs (Yahata et al., 2011) and lymphoid 
cells (Geiger et al., 2009) have all been associated with oxidative stress. We therefore 
focused on bulky DNA lesions that can be induced by oxidative stress. Two such 
lesions prevail: cyclopurines and lipid peroxide-induced hydroxyalkenal (aldehyde)-
DNA adducts (Wang et al., 2012; Winczura et al., 2012). HSCs express high levels 
of detoxifying aldehyde dehydrogenases (Storms et al., 2005), and acetaldehyde can 
induce aplastic anemia, resembling the spontaneous aplasia of the Rev1 and Rev1Xpc 
bone marrow (Langevin et al., 2011). Rev1 and Rev1Xpc cells are not sensitive to 
acetaldehyde (Langevin et al., 2011). Therefore we hypothesized that, rather than 
simple aldehyde-DNA adducts, hydroxyalkenal-DNA adducts may underlie the 
phenotypes of Rev1 and Rev1Xpc mice. In support, compared with Xpc MEFs, Rev1Xpc 
MEFs were hypersensitive to the oxidative agent Paraquat and to the lipid peroxide 
4-hydroxynonenal (HNE; Fig. 4A). We directly investigated a role of Rev1 in TLR 
of Heptanone etheno-2-deoxycytidine (H-εdC), a very common hydroxyalkenal-
nucleotide adduct that is derived from endogenous, HNE-related, 4-oxononenal 
(Winczura et al., 2012). This was done by transfection of a plasmid vector containing 
a site-specific H-εdC into Rev1 and wild type MEFs (Fig. 4B). In Rev1 MEFs, the TLR 
efficiency dropped to 27% of wild type, and the frequency of the incorporation of 
adenine at the lesion was reduced (Χ2 test, p<0.001; Fig. 4B). 
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Figure 3 | Decay of lymphocyte populations, increased DNA damage signaling, senescence and apoptosis 
in spleens from progeroid Rev1Xpc mice. (A) Fluorescent cytometry of IgM+IgD+ B lymphocytes (boxed) 
from the spleen of a Rev1Xpc mouse and an age-matched Xpc control. (B) Quantification of IgM+IgD+ B-cells 
in spleens from 5 Rev1Xpc mice and 6 Xpc controls. See Fig. S5. ***: p<0.001. Error bars: SD. (C) Fluorescent 
cytometry of CD4+ and CD8+ T lymphocyte populations in spleens of a progeroid Rev1Xpc mouse and an 
age-matched Xpc control mouse. See Fig. S6 for examples of stochasticity. (D) CD4+CD8+ T-cell lymphoma 
in the spleen of a 6 month-old Rev1Xpc mouse. (E) Western blot displaying γH2AX levels in spleens from 
5 Rev1Xpc mice and 7 age-matched Xpc littermates. (F) Expression of cellular senescence and aging-related 
genes p16Ink4A and Gadd45a in spleens from Rev1Xpc mice compared with spleens from age-matched Xpc 
littermates. **: p<0.01. (G) TUNEL staining for apoptotic bodies (red dots) in a Rev1Xpc spleen and an age-
matched Xpc littermate. (H) Quantification of apoptotic bodies in spleens from Rev1Xpc and age-matched 
Xpc mice. ***: p<0.001. Error bars: SD.
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Figure 4 | DNA damage responses and genome instability in Rev1 and Rev1Xpc MEFs. (A) Sensitivity of 
Xpc and Rev1Xpc MEFs to the oxidative stress-inducing agent Paraquat and the lipid peroxidation-derived 
hydroxyalkenal HNE. n=3, independent experiments. Error bars: SD. (B) Left panel: assay to measure the 
efficiency and mutagenicity of TLR at a site-specific H-εdC (structure at the top of the panel; the reactive aldehyde 
group is encircled). The opposing single-stranded DNA gap renders the lesion resistant to repair. Three days after 
transfection, covalently-closed plasmids are isolated from transfected MEFs and rescued in E. coli. Right panel: 
efficiency and mutagenicity of TLR at the H-εdC. T, A: incorporation of thymidine and adenine respectively. 
(C) Induction of γH2AX in Xpc and Rev1Xpc MEFs after exposure to 15μM HNE, analyzed by Western blotting. 
(D) Immunocytochemical analysis of the replicative stress markers γH2AX and pChk1 in Xpc and Rev1Xpc 
MEFs, 24h after exposure to 5µM HNE. (E) Induction of the double-strand DNA break markers 53BP1 and Rad51 
in Xpc and Rev1Xpc MEFs, 24h after exposure to 5µM HNE. (F) Left panel: In the cytokinesis-block micronucleus 
assay cells are arrested during cytokinesis, which allows the quantification of chromatid fragment-containing 
micronuclei. Right panel: quantification of genome instability at 48h after exposure of Xpc and Rev1Xpc MEFs to 
equitoxic HNE doses, corrected for the dose used. n=3 independent experiments. ***: p<0.001. Error bars: SD. (G) 
mRNA levels in primary Xpc and Rev1Xpc MEFs of two key somatotrophic genes at 6 and 24h after exposure to 
different UV doses, as determined by quantitative PCR. n=3 independent experiments. Error bars: SD
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In further support of a causal role of Rev1 in suppressing replicative stress in response 
to hydroxalkenal-DNA adducts, exposure of Rev1Xpc MEFs to HNE induced 
phosphorylation of the stress markers Chk1 and of H2AX (Figs. 4C and D). Finally, 
HNE exposure of Rev1Xpc, but not Xpc, MEFs, induced foci of the double strand DNA 
breaks markers 53BP1 and Rad51 (Fig. 4E) and micronuclei that contain chromosomal 
fragments (Fig. 4F). These results indicate that in the absence of Rev1 replication 
forks collapse at hydroxalkenal-DNA adducts, resulting in genome instability. We 
hypothesize that genome instability originating from replicative stress at endogenous 
bulky DNA adducts sustains the development of lymphomas in Rev1Xpc mice.

Transcriptional stress induces a longevity-promoting response by suppressing the 
somato-, lacto- and thyrotrophic axes (Garinis et al., 2009; Hoeijmakers, 2009; 
Niedernhofer et al., 2006). We investigated whether also replicative stress induces this 
response. However, compared with Xpc MEFs (Garinis et al., 2009), UV exposure of 
Rev1Xpc MEFs induced no exacerbated or prolonged suppression of the somatotropic 
genes Ghr and Igf1r (Fig. 4G). Furthermore, compared with age-matched Xpc mice, 
the level of the somatotrophic protein IGFBP1 was not altered in livers of progeroid 
Rev1Xpc mice (Fig. S9). Since, unlike replicative stress, transcriptional stress may occur 
in all aging cells, it may be a more appropriate inducer of the shift to maintenance in 
aging organisms.

We conclude that replicative stress at endogenous bulky DNA adducts induces the 
attrition of proliferating stem and differentiated cells that underlies the aging phenotypes 
of Rev1 and, more pronounced, of Rev1Xpc mice (Fig. S1 for an integrative model). 
Each progeroid mouse model is believed to emphasize a segment of the pathology 
of physiological aging (Burtner et al., 2010). The phenotypes of Rev1 and Rev1Xpc 
mice, therefore, support a causal role for replicative stress also in physiological aging 
and associated carcinogenesis. Despite the fact that hydroxyalkenal-DNA adducts are 
substrates for GG-NER, these lesions accumulate to high levels during physiological 
aging, also in GG-NER-proficient mice and humans (Chou et al., 2010; Wang et al., 
2012; Winczura et al., 2012). Given their long lifespan it is not unlikely that replicative 
stress at bulky DNA adducts is a more prominent determinant of aging and associated 
cancer in humans than in mice.

Materials and Methods 

Mice and cell lines. Rev1 and Xpc mice were described previously (Jansen et al., 2006; Melis et 
al., 2008). Rev1 (n=32) and wild type (n=55) cohorts were of mixed 129OLA/SV and C57Bl/6 
background. SKH (hairless, albino) Xpc and Rev1Xpc cohorts (n=17 each) were obtained 
from backcrossing Rev1+/-Xpc-/- parents. MEF lines were obtained from 13.5-day embryos by 
spontaneous immortalization. Survival was measured by clonogenic or proliferation assays.

Histology. Mouse tissues were fixed in Bouin or Harrison’s fixative, and paraffin-embedded 
sections were stained by Haematoxylin and/or Eosin (HE). Pathological examination was 
performed on coded samples. Karyomegaly and lipofuscin deposits were quantified by grading 
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4 coded sections per mouse from 0-3, using 8 mice per genotype. Epidermal cell layers were 
counted on 4 coded sections per mouse, using 8 mice per genotype. Two-tailed T tests were used 
to calculate significance. 

Analysis of the hematopoietic system. Isolation of hematopoietic precursor populations and 
HSCs and competitive transplantation experiments using HSCs were performed as described 
(Dykstra et al., 2011). CAFC assays were performed on stromal cells, as described (van Os et 
al., 2008). Colony sizes were determined using cytokine-supplemented media, as described 
(Dykstra et al., 2011).

Flow cytometry analysis, immunohistochemistry and Western blotting. Splenocytes were 
isolated from 6-7 mice per genotype. T cell subsets were stained using anti-CD4 and anti-CD8 
antibodies and immature B cells were stained using anti-IgM and anti-IgD antibodies, as 
described (Jansen et al., 2006). Immunohistochemistry and Western blotting were performed 
using established protocols. Apoptosis was assessed by TUNEL staining and quantified on 
2 coded Cytospin-precipitated splenocyte samples per mouse, using 4 mice per genotype. 
Significance was assessed by two-tailed T test.

TLR assay. The generation of a site-specific single-stranded H-εdC lesion and the determination 
of the efficiency and mutagenicity of TLR was performed essentially as described for a benzo[a]
pyrene-dG adduct (Hashimoto et al., 2012) (Fig. 4B). 

Cytokinesis-block micronucleus assay. Xpc and Rev1Xpc MEFs were treated with equitoxic 
doses of HNE (9 µM and 5 µM, respectively). Chromatid breaks were quantified in cells blocked 
at cytokinesis (Fenech, 1993) (Fig. 4F). Results were analysed using a two-tailed T-test.

Quantitative PCR. Somatotrophic gene expression in UV-treated MEFs and senescence-related 
gene expression in mice were measured as described (Garinis et al., 2009). 
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SUPPLEMENRATY FIGURES

Figure S1 | GG-NER and TLR deficiencies differentially affect cancer predisposition and aging. Top: 
genomic DNA is damaged continuously by endogenous sources, including ROS that, in addition to base 
damages, induces bulky nucleotide lesions (triangles). (A) Deficiency of GG-NER of endogenous bulky 
nucleotide lesions leads to a TLR-dependent accumulation of mutations that may underlie the predisposition 
to spontaneous lung tumors in old Xpc mice (Melis et al., 2008). (B) Deficiency of TLR results in mild 
replicative stress at endogenous bulky nucleotide lesions that have escaped GG-NER. This is associated 
with mild progeroid features, but not with obvious cancer predisposition. (C) Combined TLR and GG-NER 
deficiency leads to severe replicative stress at endogenous bulky nucleotide lesions. This induces genome 
instability, apoptosis and senescence in proliferating compartments and, consequently, accelerated aging. The 
genomic instability, combined with escape from apoptosis and senescence, may underlie the development of 
aging-associated lymphomas.
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Figure S2 | Phenotypes of Rev1 embryos and mice. (A) Frequency of 13.5-day Rev1 embryos and pups 
from Rev1+/- backcrosses. (B) Rev1 embryos at day 13.5 of gestation are undistinguishable from wild type 
controls. (C) Body weights of Rev1 male and female mice and wild type littermates. Data derived from 
(Jansen et al., 2006). (D) Rev1 mice of 2 months of age display a variably reduced body size but no other 
overt phenotypes. Reproduced from (Jansen et al., 2006). (E) Reduced lifespan of Rev1 mice (Rev1: n=32, 
t50=75 weeks; wild type: n=55, t50=108 weeks; p<0.05, Mann-Whitney test). (F) An 18-month old Rev1 mouse 
displaying ruffling of the fur.
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Figure S3 | Phenotypes of Rev1 liver and gonads. (A) Quantification of hepatic karyomegaly in (18-months 
old) Rev1 and age-matched Xpc mice. n= 8 mice, ***: p<0.001. Error bars: SD. (B) Quantification of hepatic 
lipofuscin in (18-months old) Rev1 mice and age-matched Xpc controls. n=8 mice, *: p=0.011. Error bars: SD. See 
the legend to Fig. 2C for experimental details. Bouin-fixed sections reveal a lack of spermatogenic stages in most 
seminiferous tubules in testis from a 2-month old Rev1 mouse. (C-D) Residual spermatogenesis (arrowhead) in 
a testis of a 2-month old wt and Rev1 mouse. Black arrowhead: meiotic (anaphase) cells, Purple arrowhead: early 
spermatids. Blue arrowhead: the lower tubule is devoid of spermatogenic stages. (E) Staining for GCNA1 (brown) 
in testes from a 6 day-old wt and Rev1. Loss of GCNA1 staining in Rev1 male demonstrates the early attrition 
of germ stem cells. Sections were counterstained with hematoxylin and were the same as depicted in Figure 1B. 
Arrowhead: GCNA1-positive tubules. Bottom panels: magnified sections displaying rare GCNA1-positive germ 
cells in the Rev1 male. (F) Staining for GCNA1 (brown) in ovaries from a 6 day-old wt and Rev1. Loss of GCNA1 
staining in Rev1 female demonstrates the early attrition of germ stem cells. Sections were counterstained with 
hematoxylin. Bottom panels: magnified sections displaying residual GCNA1-positive germ cells in the Rev1 
female. (G) GCNA1 staining (brown) confirms the presence of a low fraction of normal testicular tubules of 
an adult Rev1 mouse. Sections were counterstained with hematoxylin. Right panel: magnification displaying 
GCNA1-positive germ cells (black arrowhead) and early spermatids (purple arrowhead).
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Figure S4 | Reduced sizes of Rev1 HSC clones. HSCs from three 18-month-old Rev1 and three wild type 
mice were seeded in cytokine-supplemented medium and colony sizes were determined at 15 days after 
seeding. Χ2 test, ***: p<0.001. Error bars: SD. 
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Figure S5 | Sensitivity of Xpc, Rev1 and Rev1Xpc-deficient cells and mice to UV-induced photolesions. 
(A) Clonal survival of UVC-exposed wild type, Rev1, Xpc and Rev1Xpc MEFs. n=4 independent experiments. 
Error bars: SD. (B) Sensitivity of skin of hairless albino wild type, Rev1, Xpc and Rev1Xpc mice, 7 days after 
local exposure to artificial sunlight. n=4 per dose per genotype. Error bars: SD. (C) Induction of erythema 
in 2-months old Rev1Xpc mice, but not in age-matched Xpc controls, locally exposed to 40 J/m2 of artificial 
sunlight per day, during 5 subsequent days. 

Figure S6 | Degenerative phenotypes in organs of progeroid Rev1Xpc mice. (A) HE staining of a 
kidney section from a Rev1Xpc mouse and an age-matched Xpc control. Purple arrowheads: karyomegaly. 
(B) Relative levels of renal karyomegaly in Rev1Xpc mice, compared with age-matched Xpc controls. n= 8 
mice, **: p<0.01. Error bars: SD. (C) HE staining of skin sections. Black arrowheads: subdermal fat in the Xpc 
mouse. Black rectangles: sections magnified in Fig. 2I.

Rev1 co
n

tribu
tes to

 n
ormal




 agi


n
g

6



139

Figure S7 | Analysis of B lymphocytes in spleens of progeroid Rev1Xpc mice and age-matched Xpc 
controls. (A-F) Fluorescence cytometry analysis and quantification (% of total cell counts) of IgD+IgM+ 
B cells in spleens of 6 adult Xpc mice. Panel B represents the same mouse as Fig. 3A (left). (G) Fluorescence 
cytometry analysis and quantification (% of total cell counts) of IgD+IgM+ B cells in the spleen of a young 
Rev1Xpc mouse demonstrating that the B cell compartment is normal at young age. (H-L) Fluorescence 
cytometry analysis and quantification (% of total cell counts) of IgD+IgM+ B cells in 5 spleens of progeroid 
Rev1Xpc mice (age-matched with the Xpc controls analyzed in panels A-F). Panel H represents the same 
mouse as Fig. 3A (right panel). 
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Figure S8 | Analysis of T lymphocytes in spleens of Rev1Xpc mice. Mice were the same as in Fig. S7. 
(A-F) Fluorescence cytometry analysis and quantification (% of total cell counts) of CD4+ and CD8+ T cells in 
spleens of 6 adult Xpc mice. Panel B represents the same mouse as Fig. 3C. Fluorescence cytometry analysis 
and quantification (% of total cell counts) of CD4+ and CD8+ T cells in the spleen of a young Rev1Xpc mouse 
demonstrating that the T cell compartment is normal at young age. (H-I) Fluorescence cytometry analysis 
and quantification (% of total cell counts) of CD4+ and CD8+ T cells in spleens of progeroid Rev1Xpc mice 
reveal a reduction in the numbers of CD8+ T cells. Panel H represents the same mouse as Fig. 3C (right 
panel). (J-K)  CD4+CD8+ T cell lymphomas in two progeroid Rev1Xpc mice. Panel K represents the same 
mouse as Fig. 3D. (L) Increased level of CD8 expression (rightward shift) of CD8+-positive T cells in a 
progeroid Rev1Xpc mouse. (M) CD4+CD8+ T cell lymphoma in a mesenterial lymph node in a progeroid 
Rev1Xpc mouse. Purple arrowhead: normal mesenterial lymph node.
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Figure S9 | Expression of the somatotrophic protein IGF1R in liver. A. Expression of IGFBP1 (brown) in 
livers of a progeroid Rev1Xpc and an age-matched Xpc mouse. B. Relative levels of IGFBP1 expression in liver 
of progeroid Rev1Xpc mice, compared with age-matched Xpc controls. No differential IGFBP1 expression is 
observed. n=8 mice each. Error bars: SD. 
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Table S1 | Pathological examination of the mouse cohorts (continued)

Mouse #, 
genotype, age 
(months)1, sex Liver Bone marrow Skin Other pathologies

007, wt, 28, ♀ Chronic inflammation. 
Possible B-cell 
hyperplasia.

008, wt, 28, ♂ Reactive hepatitis. 
Possible hepatoma.

Mild atrophy of hair 
follicles and sebaceous 
glands

Thyroid carcinoma. 
Possible lymphoma.

010, wt, 25, ♀ Lymphoid hyperplasia.

012, wt, 24, ♂ Early stage B-cell 
lymphoma.

013, wt, 24, ♂ B-cell hyperplasia.

016, wt, 22, ♀ Hemangioma. B-cell lymphoma.

018, wt, 19, ♀ Chronic inflammation. 
Possible B-cell 
hyperplasia.

185, Rev1, 19, ♀ Fatty vacuolisation. 
Cytoplasmic 
glycogenosis. 
Steatosis. Lipofuscin 
accumulation. 
Karyomegaly.

Hypoplasia. Kidney: chronic 
inflammation. Hyalin 
deposits (Hill et al., 
2003) in glomerular 
membranes. Lymphoid 
follicular atrophy 

186, Rev1, 19, ♀ Fatty vacuolisation. 
Cytoplasmic 
glycogenosis. 
Steatosis. Lipofuscin 
accumulation. 
Karyomegaly.

Hypoplasia. Atrophy of hair follicles 
and sebaceous glands

B-cell lymphoma. 
Osteosclerosis. 
Lymphoid follicular 
atrophy 

187, Rev1, 21, ♂ Fatty vacuolisation. 
Cytoplasmic 
glycogenosis. 
Lipofuscin 
accumulation. 
Karyomegaly.

Hypoplasia. Kidney: Hyalin 
deposits in glomerular 
membranes.

005, Rev1, 
28, ♀

Steatosis. Hypoplasia. B-cell lymphoma. 
Lymphoid follicular 
atrophy.

006, Rev1, 
28, ♀

Lipofuscin 
accumulation.

Atrophy of hair follicles 
and sebaceous glands.

B-cell lymphoma. 
Hemangioma in ovary.

009, Rev1, 
25, ♀

Hypoplasia. Mild atrophy of hair 
follicles and sebaceous 
glands.

Mild tubular 
degeneration in liver.

011, Rev1, 
24, ♂

Steatosis. Hypoplasia. Atrophy of hair follicles 
and sebaceous glands.

Lymphoma

014, Rev1, 
24, ♂

Steatosis. Mild atrophy of hair 
follicles and sebaceous 
glands.

Papillary adenoma in 
uterus.

049, Rev1, 
25, ♂

Karyomegaly. Hypoplasia. Atrophy of hair follicles 
and sebaceous glands.
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Table S1 | Pathological examination of the mouse cohorts (continued)

Mouse #, 
genotype, age 
(months)1, sex Liver Bone marrow Skin Other pathologies

005, Rev1, 28, ♀ Steatosis.

006, Rev1, 
28, ♀

Lipofuscin 
accumulation. 
Karyomegaly.

Hypoplasia. Atrophy of hair follicles 
and sebaceous glands.

002, Xpc, 8, ♀

003, Xpc, 6, ♀

004, Xpc, 10, ♀

043, Xpc, 8, ♀

046, Xpc, 13, ♂

047, Xpc, 12, ♀

048, Xpc, 10, ♀

052, Xpc, 8, ♀ Aplastic 
anaemia.

Atrophic epidermis. 
Lack of subcutaneous 
fat.

Kidney: karyomegaly.

180, Rev1Xpc, 
7, ♀

Mild glycogenosis. 
Lipofuscin 
accumulation. 
Karyomegaly.

Aplastic 
anaemia.

Atrophic epidermis. 
Lack of subcutaneous 
fat

Kidney: karyomegaly, 
tubular degeneration.

181, Rev1Xpc, 
10, ♀

Mild glycogenosis. 
Lipofuscin 
accumulation. 
Karyomegaly. 

Aplastic 
anaemia.

Atrophic epidermis. 
Lack of subcutaneous 
fat

Kidney: karyomegaly, 
tubular degeneration.

182, Rev1Xpc, 
13, ♀

Karyomegaly. Aplastic 
anaemia.

Kidney: severe 
karyomegaly.

042, Rev1Xpc, 
8, ♂

Steatosis. Aplastic 
anaemia.

Atrophic epidermis. 
Lack of subcutaneous 
fat

Kidney: severe 
anisokaryosis, tubular 
degeneration.

044, Rev1Xpc, 
11, ♀

Karyomegaly. Kidney: tubular 
degeneration.

045, Rev1Xpc, 
13, ♂

(not moribund)

Steatosis. Aplastic 
anaemia. 

Atrophic epidermis. 
Lack of subcutaneous 
fat

Possible lymphoma.

050, Rev1Xpc, 
6, ♀

Karyomegaly. Hypoplasia. Atrophic epidermis. 
Lack of subcutaneous 
fat

Osteoporosis.

051, Rev1Xpc, 
7, ♀

Karyomegaly. Aplastic 
anaemia.

Atrophic epidermis. 
Lack of subcutaneous 
fat

Lymphoma.

053, Rev1Xpc, 
6, ♀

Karyomegaly. Aplastic 
anaemia.

Atrophic epidermis. 
Lack of subcutaneous 
fat.

Osteoporosis.

1 Rev1Xpc and Rev1 mice were euthanized and autopsied when moribund. The age-matched Xpc and wild 
type littermates were sacrificed before the onset of end-of-life pathology.
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