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1. Introduction 

ABSTRACT 

Poly(ADP-ribose) polymerase-l (PARP-l) is a sensor for DNA strand breaks and some unusual DNA 
structures and catalyzes poly(ADP-ribosyl)ation of nuclear proteins with NAD' serving as substrate. 
PARP-l is involved in the regulation of genomic integrity, transcription, inflammation, and cell death. 
Due to its versatile role, PARP-l is discussed both as a longevity factor and as an aging-promoting factor. 
Recently, we generated a mouse model with ectopic integration of full-length hPARP-l [Mangerich, A, 
Scherthan, H., Diefenbach, J., Kloz, U., van der Hoeven, F" Beneke, S. and BUrkle, A, 2009. A caveat in 
mouse genetic engineering: ectopic gene targeting in ES cells by bidirectional extension of the homology 
arms of a gene replacement vector carrying human PARP-l. Transgenic Res. 18,261-279]. Here, we show 
that hPARP-l mice exhibit impaired survival rates accompanied by reduced hair growth and premature 
development of several inflammation and age··associated pathologies, such as adiposity, kyphosis, 
nephropathy, dermatitis, pneumonitis, cardiomyopathy, hepatitis, and anemia. Moreover, mutant male 
mice showed impaired glucose tolerance, yet without developing manifest diabetes. Overall tumor 
burden was comparable in wild-type and hPARP-l mice, but tumor spectrum was shifted in mutant mice, 
showing lower incidence of sarcomas, but increased incidence of carcinomas. Furthermore, DNA repair 
was delayed in splenocytes of hPARP-l mice, and gene expression of pro-inflammatory cytokines was 
dysregulated. Our results suggest that in hPARP-l mice impaired DNA repair, accompanied by a 
continuous low-level increase in pro-inflammatory stimuli, causes development of chronic diseases 
leading to impaired survival. 

Poly(ADP-ribose) polymerase-1 (PARP-1) is the founding 
member of the family of poly(ADP-ribose) polymerases (Hottiger 
et aI., 2010; Schreiber et aI., 2006). By using NAD+ as a substrate, 
PARP-1 synthesizes linear or branched biopolymers known as 
poly(ADP-ribose) (PAR) (Burkle, 2005; Rouleau et aI., 2010). One of 
the fastest responses of most eukJryoric cells to DNA damJge is the 
binding of PARP-1 to DNA strand breaks, thus inducing PARP-1 
dimerization and catalytic activation (Mendoza-Alvarez and 
Alvarez-Gonzalez, 1993; Pion et aI., 2005). In addition, indepen-

dent of DNA damage, PARP-1 CJn be activated by phosphorylated 
ERK2 (Cohen-Armon et aI., 2007). The resulting posttranslational 
modification of nuclear proteins with PAR includes PARP-1 itself 
(automodiftcation) and other chromatin-associated proteins, such 
as DNA repair and transcription factors. Apart from covalent 
modification of proteins, PAR can bind to proteins also in a non
covalent manner (Altmeyer et aI., 2009; Fahrer et aI., 2007; Gagne 
et aI., 2008; Pleschke et aI., 2000; Tao et aI., 2009). The fonnation of 
PAR is transient, since the polymer is rapidly hydrolyzed by PARP's 
catabolic counterpart, poly(ADP-ribose) glycohydrolase (PARG) 
(Min and Wang, 2009). Although Parpl-I- cells exhibit some 
residual PAR synthesis, due to the action of other poly(ADP-ribose) 
polymerases, mainly PARP-2, PARP-1 accounts for about 90% of the 
overall cellular poly(ADP-ribosyl)ation capacity upon genotoxic 
stress (Shieh et aI., 1998). • Corresponding authors at: Chair of Molecular Toxicology, Department of 
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The variety of PARP-1 target proteins and of PAR-binding 
proteins reflects the diversity of cellular functions of PARP-1, 
which cover the areas of genomic maintenance, cell cycle control, 
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chromatin remodeling, gene transcription, and regulation of cell 
death (Schreiber et aI., 2006). 

The diverse functions of PARP-l on the cellular level are 
reflected in its contribution to multiple physiological and 
pathophysiological conditions at the organismal level. Much 
information about the function of PARP-l was obtained from 
three independently generated knock-out mouse models (de 
Murcia et aI., 1997; Masutani et aI., 1999; Wang et aI., 1995). 
Parp-l-I - mice were hypersensitive both to alkylating agents or 
ionizing radiation, and Parpl-I- cells displayed increased sponta
neous genomic instability (d'Adda di Fagagna et aI., 1999; Shall and 
de Murcia, 2000). Rather unexpectedly, work on Parp-l-I - mice 
revealed that PARP-l participates in several inflammation
associated pathophysiological conditions. Thus, Parp-1-1- animals 
were protected from experimentally induced arthritis, type I 
diabetes mellitLIs, ischemic infarction, Parkinson's disease, as well 
as septic or hemorrhagic shock (Beneke, 2008; Shall and de Murcia, 
2000). 

At least two mechanisms have been proposed to be responsible 
for the development ofPARP-l-related pathologies: Firstly, PARP-l 
can be overactivated by severe DNA damage in response to an 
initial pathological insult. This could lead to NAD+ and ATP 
depletion causing necrosis and further tissue damage due to 
inflanunation (Heeres and Hergenrother, 2007). Secondly, PARP-l 
was shown to act as a coactivator of the pro-inflammatory 
transcription factor NF-kB (Hassa et aI., 2001; Hassa et al., 2005; 
Stilmann et aI., 2009). 

The double-edged role of PARP-l as a caretaker of genomic 
stability on the one hand and as a cell death and inflammation 
mediator on the other hand is also reflected in its role in aging and 
longevity (Beneke and Burkle, 2007). The recent finding that Parp-
1-1- mice age moderately faster compared to wild-type (wt) 
animals is in accordance with the view that PARP-l counteracts the 
aging process (Piskunova et aI., 2008). Supporting this notion, 
PARP-l was shown to act as a tumor suppressor gene in various 
studies. Thus, PARP-l deficiency enhances age-related as well as 
experimentally induced carcinogenesis (Piskunova et aI., 2008; 
Tong et aI., 2001). Furthermore, poly(ADP-ribosyl)ation capacities 
of 13 mammalian species strongly correlate with their maximum 
life span (Grube and BUrkle, 1992). Those variations in poly(ADP
ribosyl)ation capacity were not due to different PARP-l expression 
levels, but presumably due to interspecies differences in the 
intrinsic protein seq uence itself. Thus, recombinant human PARP-1 
exhibits a significantly higher capacity for PAR automodification 
than its rodent orthologue (Beneke etal., 2000; Beneke et aI., 2010). 
Additionally, poly(ADP-ribosyl)ation capacity declines with age in 
humans as well as rodents, and centenarians display significantly 
higher poly(ADP-ribosyl)ation capacities than those of the average 
population (Chevanne et aI., 2007; Grube and Burkle, 1992; Muiras 
et aI., 1998). Further implication of PARP-l in aging/longevity is 
indicated by molecular studies showing that PARP-1 is involved in 
the maintenance of telomere length (Beneke et aI., 2008; d'Adda di 
Fagagna et aI., 1999) and in the regulation of various proteins 
which are associated with aging including WRN, p53, ATM, and 
DNA-PK (Aguilar Quesada et aI., 2007; Haince et aI., 2007; Kanai 
et aI., 2007; RusceLti et aI., 1998; von Kobbe et aI., 2003; VOll Kobbe 
et al.. 2004). 

On the other hand, PARP-l competes with the fanuly of type III 
histone-deacetylases of sirtuins, which have been identified as 
longevity proteins in various species, for the same substrate, i. e., 
NAD+ (El Ramy et al.. 2009; Kolthur-Seetharam et aI., 2006; Pillai 
et aI., 2005; Rajamohan et aI., 2009). Based on this antagonistic 
interplay between PARP-l and sirtuins, and the role of PARP-l as a 
cell death and inflammation mediator, PARP-1 was also postulated 
as an aging- and tumor-promoting factor (Aguilar-Quesada et aI., 
2007; Zhang, 2003). In support of this concept, PARP inhibition or 

genetic ablation improved aging-associated cardiac and vascular 
dysfunctions and reduced susceptibility to experimentally induced 
skin carcinogenesis (Martin-Oliva et aI., 2004; Radovits et aI., 2007; 
von Lukowicz et aI., 2008). Moreover, gene expression of a whole 
range of pro-inflammatory cytokines, adhesion molecules, and 
enzymes (e.g., iNOS) are down regulated in Parp-l-I- mice and cells 
(Hassa and Hottiger, 2002). These findings led to the hypothesis 
that under certain conditions PARP-l contributes to so-called 
'inflammaging', Le., an increased illflammatory burden with 
advanced age that drives physiological aging (De Martinis et aI., 
2005). 

Here, we report the phenotypic characterization of a novel 
PARP-l mouse model, termed /lPARP-l mice. These mice harbor an 
ectopic integration of the full-length IlPARP-l coding sequence, 
which is transcriptionally controlled by a mPmp-l promoter 
(Mangerich et aI., 2009). During the generation of hPARP-1 mice, 
the integration of the targeting construct followed the mechanism 
of ectopic gene targeting; that is, in addition to the ectopic 
integration of hPARP-1 on murine chromosome 1, mParp-l
flanking sequences were copied by endogenous DNA polymerases 
resulting in duplication of the mPa1]J-l-f1anking loci. As a result, 
homozygous mutant mice used in the current study comprised two 
copies of endogenous mPmp-1 plus two copies of heterologous 
hPARP-l (Mangerich et aI., 2009). Our phenotypic analyses 
revealed a multifaceted pathological phenotype of hPARP-l mice. 
Mutant mice exhibited impaired survival rates and developed 
several inflammation and age-related pathologies prematurely 
and at higher incidence compared to wt controls. Moreover, hPARP-
1 mice showed a shift in tumor spectrum. The findings that DNA 
strand break repair was delayed in splenocytes of hPARP-1 mice 
and that gene expression of pro-inflammatory cytokines TNF-o:, IL
l, and IL-6 was dysregulated in IlPARP-l mice provide a 
mechanistic basis for the observed phenotype of hPARP-l mice. 

2. Material and methods 

2.1. Generation of mice, animal husbandry. and genotyping 

Generation of human PARP·l mice has been described previously (Mangerich 
et aI., 2009). All experiments were approved by the competent local veterinary 
authorities (Regierungsprasidium Freiburg, Germany). Mice were housed in the 
central animal care facility of the University of Konstanz, in individually ventilated 
cages (Ne) in a 12 h lightf12 h dark cycle (light on at 7 AM) according to national 
guidelines. Animal handling was performed under a laminar flow hood. Pathogen 
and parasite-free status was verified periodically by microbiological and serological 
health monitoring in accordance with FELASA recommendations performed by 
MFD Diagnostics (Wendelsheim, Germany). Animals were fed ad libitum on a 
normal fat diet (No. 3800; Kliba Nafag. Kaiseraugst. Switzerland) and moved to 
freshly prepared cages every other week. OtTspring was weaned at the age of about 
four weeks, sexes separated. and mutant mice housed with littermates. Euthanasia 
was carried out by CO2 inhalation. Mice of the developmental and aging studies 
were on a mixed genetic background (B6;129P20IaHsd) obtained by intercrossing 
of IlPARP-l hemizygous mice (strain Parp1 '012.1 (pARP1)Abu. hPARP-l-#225) of the F1 
generation to obtain wt littermate controls and genetically modified animals 
carrying either one or two alleles of hPARP-l. Mice used for glucose tolerance tes!; 
DNA repair measurements. and PARP activity measurements were congenic on a 
C57BL/6 background. Human PARP-l hemizygous breeding pairs were used to 
obtain hPARP-l homozygous and wt lines. Genotyping by conventional and 
quantitative PCR was performed as described previously (Mangerich et al.. 2009). 

22. RNA isolation and RT-PCR 

Mouse spleens were removed immediately after euthanasia of mice and 
immediately submerged in ten volumes of RNAlater RNA stabilization reagent 
(Qjagen. Hilden. Germany). Total RNA was isolated using the RNeasy Mini kit 
(Qiagen. Hilden. Germany). For this purpose, 15-20 mgofmouse splenic tissue was 
homogenized on ice with a glass douncer in 600 ,.d of the lysis buffer provided. 
Subsequent steps were performed according to the manufacturer's instructions. 
Potential contaminations with genomic DNA were eliminated using the RNase-Free 
DNase kit (Qjagen, Hilden. Germany). RNA was eluted with 50.cl of RNase-free 
water. concentration and purity determined by photometric measurements of 
absorbance at260 nm and 280 nm. Samples were stored at -80"C until further use. 
Reverse-transcriptase(RT) PCR was performed with the isolated total RNA to obtain 
complementary DNA (cDNA) usingthe iScriptcDNA Synthesis kit(Bio-Rad, Munich, 



Germany) according to manuFacturer's instructions. cDNA was amplified using the 
iQ SYBR Green Supermix (Bio-Rad, Munich, Germany) according to the 
manufacturer's instructions with the following primer sets: TNF-o:-fwd, ccac
cacgctcttctgtcta; TNF-o:-rev, agggtctgggccatagaact; !I-6-fwd, gagcccaccaagaacga·· 
tag; 1I-6-rev, tcagtcccaagaaggcaact; 1I-1a-fwd; Il-1a-rev, gcaacgggaagattctgaag; 
Hprt-fwd, aagcttgctggtgaaaagga; Hprt-rev, caagggcatatccaacaaca; Tbp-fwd, 
cagccttccaccttatgctc; Tbp-rev, ccgtaaggcatcattggact; Sdha-fwd, aacactggaggaagca
cacc; Sdha-rev, gcacagtcagcctcattcaa. Primers of all primer pairs were designed to 
bind in different exons to exclude amplification of any residual contaminating 
genomic DNA. Following completion of each run, melt curve analyses were 
performed to ensure specificity of the amplicons obtained. As reference a 
combination of Hpr~ Tbp, and Sdha expression was used and data was analyzed 
using iQ5 Optical System software (BiO-Rad, Munich, Germany). All measurements 
were performed in technical triplicates. 

2.3. Westem blor analysis 

Freshly removed tissue, snap-frozen in liquid nitrogen, was lysed on ice by 
homogenizing with a douncer in modified high-salt RlPA buffer (9 mllg tissue) 
containing 50 mM Tris-HCI (pH 7.4), 500 mM NaCl, 1% (w/v) Triton-X-100, 0.1% 
SDS, 1% (wlv) sodium-deoxycholate, and Complete protease inhibitor mix (Roche 
Diagnostics, Mannheim, Germany). Then. insoluble organ and cell debris was 
pelleted for 15 min at 4000 x g and 4 'c, protein concentrations were determined 
using the BCA protein assay (Thermo Fisher Scientific, Ulm, Germany), and diluted 
in l.5x high-urea lysis buffer containing 62.5 mM Tris·HCI (pH 6.8). 6 M urea, 5% 
(vlv) 2-mercaptoethanol, 10% (v/v) glycerol, 2% (w/v) SDS, and 0.003~" bromophenol 
blue. Forty micrograms of protein was used for Western blot analyses. Whole-tissue 
lysates were separated on 8% polyacrylamide gels and proteins were transferred 
onto Hybond-ECL nitrocellulose membrane (GEHealthcare, Freiburg, Germany) for 
2 h at 300 mA using a wet-blotting device. Membranes were blocked for 1 h in 5% 
(w/v) dry-milk diluted in 10 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 0.05% (v/v) 
Tween 20, and incubated overnight at 4"C with the following primary antibodies: 
monoclonal ClllO (PARP~l-specific), monoclonal Fl23 (human-PARP-Ispecific), 
and polyclonal antiserum 4595 (murine-PARP-1-specific) (Mangerich et aI., 2009f 
perOXidase-coupled goat-anti-mouse or goat-anti .. rabbit secondary antibodies 
(Dako, Glostrup, Denmark) were used for chemiluminescenl detection. 

2.4. NAD-cyding ass«'I 

To determine NAD' levels, splenocytes were isolated as ex vivo single-cell 
suspensions from mouse tissue. All steps were performed on ice or at 4 °C Spleens 
were removed immediately from sacrificed mice, cut into pieces, placed in a cell 
strainer (100 J.lm pore-width; Becton-Dickinson, Heidelberg, Germany), covered 
with 1 011 ofDMEM, and passed through the cell strainer into a 6-cm Petri dish using 
the plunger end of a 5-011 syringe. The cell strainer was rinsed with 5 011 ofDMEM. 
Then, cells were centrifuged at 800 x g for 3 min, the supernatant was discarded 
and the cell pellet resuspended in 1 011 lysis buffer (150 mM NH4 CI, 10 mM KHCO" 
120 J.lM EDTA) and incubated for 5 min on ice to lyse erythrocytes. Thereafter, 9 ml 
of DMEM was added, cells pelleted, and again resuspended in 3 ml DMEM. NAD' 
levels were determined as described previously using an enzymatic cycling assay 
modified from (Bernotsky and Swan, 1973; Jacobson and Jacobson, 1976). Briefly, ES 
cells or splenoqrtes were harvested and I x lOG cells were resuspended in 500 J.l1 
PBS and immediately placed onice. Subsequently, 24 t.d ofperchloric acid (11.63 M) 
was added, reaction mixtures were incubated for 15 min on ice, and centrifuged for 
10 min atl500 x g. Then the supernatantwas mixed with 350 J.ll of 0.33 M K2HP04 

(pH 7.5), centrifuged, and frozen at -20 'C After thawing and centrifugation, 40-J.l1 
samples were mixed with 160 J.l1 of buffer A (0.25 M IhP04 , 0.5 M NaOH) and 
100 J.l1 of buffer B [0.34 M bicine-NaOH (pH 8.0), 2.9 mgfml BSA, 14.3 mM EDTA, 
1.4 mM MTT, 1.7 M EtOH, 5.7 mM phenazine ethosulfate, 0.14 mgjmIADH]. After a 
30-min incubation period at 30 '(, absorption was measured at 550 nm (with 
690 nm as a reference wavelength) in a 96-well-plate ELlSA reader. 

2.5. Assessment of poly(ADP-ribosyl)atiofl capacity 

Poly(ADP-ribosyljation capacity was assessed by treating freshly isolated 
splenocytes with 10 mM H,O, in PBS supplemented with 2 mM MgCl, (PBS
MgCh) or, as control. in PBS-MgCh only, rollowed by incubation at 37 'C for 5 min. 
Afterwards cells were pelleted, snap-frozen in liquid nitrogen, and prepared for 
Western blot analysis as described above. A total number of 1 >: 106 cell equivalents 
was loaded per lane and after SDS .. PAGE and Western blotting the level of 
poly(ADP-ribosyl)ation of proteins was assessed by immunostaining with anti-PAR 
primary antibody lOH (Kawamitsu et aI., 1984f 

2.6. Measurement of DNA repair by automated jltlOlimetric deteaion of alkaline DNA 
unwinding (FADU) 

Experiments were performed on rreshly isolated splenocytes after 1 h of ex. vivo 
cultivation in DMEM supplemented with 10% FCS. Measurements were performed 
as described recently (Moreno-Villanueva et aI., 2009) using a slightly modified 
protocol with a DNA unwinding time of 30 min. 
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2.7. Pathology and histoID!,..'\' 

The abdominal cavity and thorax of sacrificed mice were completely opened and 
tissues fixed by submerging the whole carcass in at least ten volumes of 10% 
formalin. Histopathological analyses of the animals were performed according to 
standard procedures. An indirect immunoperoxidase method was used to 
determine insulin-secreting cells in pancreatic tissue as described previously 
(Herbach et aI., 2005). 

2.B. Grading of histopathological lesions 

All lesions were graded as published previously, with modifications (Ikeno et a I .. 
2003; Treutinget aI., 2008). Briefly, neoplastic lesions were graded on a scale rrom I 
t04 based on their size and distrihution (metastasis). Grade 1 lesions included small 
«3 mm), focal tumors at the primary sile without observably atleeting the 
surrounding tissue. Grade 2 lesions included larger tumors with multiple foci 
within the primary site or metastases to one other organ and observable changes of 
the surrounding parenchyma (compression or necrosis). Grade 3 lesions included 
metastases to 2-3 other organs. Grade 4 lesions included tumors with metastases to 
4 or more organs. Depending on the differentiation status of lymphomas, 
lymphomas were distinguished in low-grade or high-grade. Since only high-grade 
lymphomas were detected in our mouse cohorts, lymphomas were graded in every 
case as grade 3 lesions. Tumor burden was calculated as the sum of the individual 
tumor grades within a mouse. Cumulative tumor burden was calculated as the 
average sum of tumor burdens in cohorts of each genotype at a given time point. 
Non-neoplastic lesions were graded according to their severity on a scale ranging 
from 0 to 4 with 0 as normal, 1 as mild, 2 as moderate, 3 as strong, and 4 as severe 
pathological alterations. Disease burdens orindividual mice were calculated as the 
sum of the individual disease grades and t[{mor grades within a mouse. Cumulative 
disease burdens were calculated as the average sum of overall or disease-specific 
burdens in cohorts of each genotype at a given time point. 

2.9. X-ray examination 

X-ray analysis was performed witha medical X-ray apparatus (Siemens, Munich, 
Germany) using an intensity of 55 kV, 8mA for 1.6 s according to the 
manufacturer's instructions. 

2.10. Hair regl'Owtll analysis 

Hair regrowth analysis was perrormed as described previously (Harrison and 
Archer, 1988; Tyner et aI., 2002). For this purpose, an area of 4 cm2 was shaved on 
the dorsal surr~ce of age-matched wt and hPARP-I mice using a stencil and an 
electric razor. Hair regrowth was assessed under blind-testing conditions 20 days 
after shaving and expressed as percentage of area covered with regrown hair. 

2./1. Measurement of plasma lipids 

Blood was taken after 4 h of daytime fasting. Plasma triglycerides and 
cholesterol were determined using commercial kits (Roche) which were adapted 
to microtiter plates. Lipoproteins of200 J.l1 plasma samples were separated by fast 
protein liquid chromatography (FPLC) gel filtration on a Superose 6 column 
(Amersham-Biosciences), and cholesterol and triglycerides were determined in 
each fraction. 

2.12. Glucose tolerance test 

Glucose tolerance was tested based on a protocol and suggestions reported 
previously (Andrikopoulos et aI., 2008). In brief, mice were deprived of food at 
7:30 AM ror 6 h, at which time basal blood glucose levels were determined from tail 
vein blood using an One Touch Ultra glucometer (LifeScan, Neckargemiind, 
Germany) according to the manufacturer's instructions. Thereafter, mice were 
injected intraperitoneally with 2mg glucose per gram body weight of a lOO-gll 
glucose solution (Sigma-Aldrich, Steinheim, Germany), and blood glucose levels 
were determined at time points indicated. Ten female and twelve male mice were 
used for analyses. In the group of mutant male mice two values were identified as 
oulliers by plotting of Tu key whiskers followed by using the Grubb's oullier test 
(Suppl. Fig. 4). In order to avoid outlier artifacts we excluded these two values from 
our data set. 

2.13. Measurement of hemoglobin Ale 

Hemoglobin Al c is a subtype of hemoglobin A, which has bound glucose in a 
non-enzymatic reaction (glycation). Glycation is irreversible and can only be 
eliminated by degradation of erythrocytes. As the amount of hemoglobin A 1c 
correlates with the degree and length of hyperglycemic conditions, it is commonly 
used as a diagnostiC indicator for hyperglycemia in humans as well as rodents (Zhao 
et aI., 2007). The percentage or hemoglobin Ale was determined by using the 
A1CNow Hemoglobin test (Bayer Healthcare, Sunnyvale, USA) according to the 
manufacturer's instructions. 
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2.14. Weight analysis 

Mice were weighed weekly up to the age of four weeks and subsequently every 
other week. 

2.15. ffemato[ogy 

For hematologic analyses about 100.l! blood was taken retro-orbitaIly and 
supplemented with 5 "..! 05 M EDTA (pH 8.0). Analyses of blood samples were 
performed using a ScilVet abc fully automatic counter (SdI Animal Care Company. 
Viernheim, Germany) with settings specified for mouse hematological parameters. 

2.16. Statistics 

Statistical analyses were perfomled using GraphPad Prism soltware and data 
expressed as means ± SEM. Two independent data sets were compared with the 
Student's Hest (unpaired. two-tailed) or Mal1l1-Whitney test (two· tailed) as indicated. 
Two-way ANOVA test was applied as indicated. Statistical analyses of Kaplan-Meier 
survival curves were performed using the Log-rank test and the Gehan-Breslow
Wilcoxon test. Maximum lifespan was determined as the time point at which 90% of 
mice have died. Correlation data were analyzed using a linear regression curve fit. P 
values <0.05 were considered statistically significant, P values <0.1 as statistical 
trends. 

3. Results 

Previously. we demonstrated that hPARP-l has a significantly 
higher in vitro poly(AOP-ribosyl)ation capacity compared to its 
rodent orthologue (Beneke et al.. 2000; Beneke et al.. 2010). Based 
on the above, we intend to study PARP-1 hypermorphy in vivo, and 
therefore we recently generated a mouse model with ectopic 
expression of hPARP-l which is transcriptionally controlled by the 
mParp-l promoter (Mangerich et aL. 2009). Here. we provide a 
detailed phenotypic characterization of those mice. 

3.1. Expression analyses in hPARP-l mice 

To analyze PARP-l expression in vivo. several organs were 
screened for mPARP-l expression by Western blot analysis of 
whole-tissue extracts. High PARP-l expression levels were 
detected in pancreas. thymus, spleen, testis, and uterus. Moderate 
PARP-1 expression was detected in brain. heart, kidney. and lung, 
whereas low or no PARP-1 expression was detectable in intestine 
(Fig. 1). In accordance with the fact that transgenic hPARP-1 
expression is controlled by mParp-l promoter sequences. expres
sion of hPARP-l in mutant mice followed the same expression 
pattern as observed with endogenous mPARP-l (Fig. 1). 

To analyze mPARP-l and ectopic hPARP-l expression in greater 
detail. we performed Western blot analyses of spleenlysates ofwt 
mice as well as hemizygous (1 x hPARP-1) and homozygous 
(2 x hPARP-1) mutant mice using PARP-1 species-specific anti
bodies. Western blot results demonstrated moderate overexpres
sion of total PARP-l in an hPARP-l-gene-dose-dependent manner 
(Fig. 2). Moreover, hPARP-l mice displayed expression of full
length hPARP-l in an IlPARP-1-gene-dose-dependent manner 
(Fig. 2). Intriguingly, mPARP-l expression was inversely correlated 
to hPARP-1 expression (Fig. 2). No additional signals from 
potentially truncated murine or human PARP-1 were detectable, 
indicating that both gene loci were fully functional. 

In conclusion, mutant mice show gene-dose-dependent ex
pression of the hPARP-l transgene which accounted for about 50% 
of overall PARP-l expression in the homozygous mutant animals. 

3.2. Analysis of poJy(ADP-ribose) metafJolism 

In order to test poly(AOP-ribosyl)ation capacity in the hPARP-1-
expressing cells. we determined intracellular levels of the PARP-1 
substrate NAO+ and assessed poly(AOP-ribosyl)ation capacity. In 
agreement with previous in vitro results, showing higher poly(
ADP-ribosyl)ation capacity of hPARP-l compared to its rodent 
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Fig. 1. Expression analysis ofPARP-l in different organs of wild-type and IlPARP-l 
mice. Analysis ofmPARP-l and hPARP-l expression in different tissues ofwt (top. 
antibody CIllO) and homozygous mutant mice (bottom. antibody Fl23). Western 
blot analysis of whole-tissue lysates. Recombinant (ree) hPARP-l (200 ng) served 
as a positive control. Membranes were probed either with the general-PARP-l 
antibody ClllO or hPARP-l-specific antibody FI23. respectively. Ponceall staining of 
membranes served as loading control. L. molecular size ladder. 

orthologue (Beneke et aI., 2000; Beneke et aI., 2010), hPARP-l
expressing ES cells exhibit about 30% lower NAO+ levels compared 
to wt controls (Suppl. Fig. 1). By contrast. we detected no 
significant differences in NAO+ levels in freshly isolated spleno
cytes from mutant compared to wt mice. Furthermore. no 
differences in poly(AOP-ribosyl)ation capacity were detectable 
in splenocytes after challenging the cells with 10 mM H20 z. 

3.3. Analyses of postnatal development 

Human PARP-l mice are viable and fertile. No differences in 
litter sizes or sex ratio were detected (Mangerich et aI., 2009). 
Moreover, the majority of mutant mice developed apparently 
normally. However. spontaneous deaths were observed in the 
group of mutant mice as early as one month of age, whereas the 
first deaths within the cohort of wt Iittermates occurred at nine 
months. Ouring the establishment of the new mouse lines. we 
sporadically observed severe adiposity with body weights over 
60 g at an age as early as six months within the mutant cohort. A 
maximum body weight of 68.4 g was determined in the case of a 
hemizygous mutant female at the age of ten months (data not 
shown). These incidental findings prompted us to evaluate any 
potential changes in growth and metabolism of hPARP-l mice. 
Mutant mice of both sexes were up to 10% heavier from week four 
onwards (Fig. 3), without showing any ditferences in body length 
(SuppL Table 1). The effect was more pronounced in hPARP-l 
hemizygotes compared to hPARP-l homozygotes. By the age of 
three months, wt females and males averaged 24.9 g and 31.2 g in 
body weight, whereas hPARP-l hemizygous females and males 
weighed 27.5 g and 34.4g. and hPARP-1 homozygous females and 
males weighed 25.6 g and 33.6 g. respectively. To further analyze 
possible causes of the higher body weights of mutant mice and to 
analyze these mice with respect to any developmental pathology, 
detailed organ weight and histopathological analyses were 
performed in wt and homozygous mutant mice at the age of 
three months. This study revealed increased organ weights for 
heart (+27%), pancreas (+45%), and spleen (+78%) (Suppl. Table 1). 
Sporadic adiposity was detected in the group of mutant mice, but 
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none in that of the wt Iittermates (Suppl. Fig. 2A). This phenotype 
was also accompanied by adiposity-related pathologies such as 
fatty liver disease (Suppl. Fig. 2C-O). The finding that overall body 
weights correlate significantly with abdominal adipose tissue 
masses (Suppl. Fig. 2B) suggests that increased body weights of 
mutant mice are caused at least in part by an increase in adipose 
tissue mass. 

To test if lipid metabolism was generally affected in mutant 
mice. plasma cholesterol and triglyceride concentrations were 
determined in non-obese animals and lipoprotein profiles were 
analyzed by gel filtration chromatography. Our results showed 
that neither plasma triglyceride nor cholesterol concentrations 
were significantly different in mutant compared to wt animals. The 
lipoprotein profiles were similar for all groups (Suppl. Fig. 3A-B). 

Since PARP-1 is associated with the development of both type I 
and type 11 diabetes (Burkart et al.. 1999; Pieper et al. . 1999; Szabo. 
2005; Szabo et al.. 2002; Tempera et al.. 2005) and since obesity is a 
primary risk factor for the development of type 11 diabetes (Kahn 
et al.. 2006; Rosen and Spiegelman. 2006). potential effects on 
glucose metabolism were studied in hPARP-1 mice. Initial 
determination of basal blood glucose concentrations of non-fasting 
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twelve-week-old male mice revealed 16% higher glucose concen
trations in hPARP-l homozygotes compared to wt animals 
(P = 0.05. data not shown). Since changes in basal blood glucose 
concentrations possibly indicate a prediabetic or diabetic condi
tion (Braunwald. 2001). we performed glucose tolerance testing 
according to recently recommended procedures (Andrikopoulos 
et al.. 2008). While basal fasting blood glucose levels of mutant 
mice were equal compared to those of wt controls (Fig. 4C). we 
detected potentially impaired glucose tolerance in the group of 
mutant males. This effect reached statistical significance after 
outlier correction ofthe glucose response curves (Fig. 4A and Band 
Sup pI. Fig. 4). This alteration in glucose metabolic response was 
gender-specific. since mutant females showed no differences in 
glucose tolerance compared to wt controls (Fig. 4A and B). Of note. 
in our setting (6 h fasting. intraperitoneal application of 2 mg/g 
glucose. five-month old C57BL/6 mice) we detected highly 
significant differences in glucose response of wt males compared 
to wt females. Moreover. basal fasting blood glucose levels were 
higher in wt males compared to females. although this did not 
reach statistical significance (Fig. 4C). In order to test if mutant 
males developed a manifest diabetic state we measured hemoglo-
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Fig. 4. Analysis of glucose metaboli sm. (A) !nlraperitoneal glucose tolerance test (2 mg/g) of5-month old wild- type (wt) and homozygous mutant (2 x llPARP- l ) mice after 6 h 
of fasting. Statistical evaluation was performed using two-way ANOVA. Females fl = 10. males 11 = 10- 12. means ± SEM. (8) Incremental area under the cUlVe. Means ± SEM 
from individual response (UlVes are shown. Statistical evaluation was performed using Student's Hest. (C) 8asal blood glucose levels from mice used in A. Statistical eva luation was 
performed using Student's Hest. (D) Percentage of hemoglobin Alc of total hemoglobin contenl of one-year old wt, hemizygous mutant (1 xhPARP-J), and homozygous mutant 
(2 xhPARP-J) males. 11 = 4- 6, means ± SEM. Statistical evaluation was performed using the Student's Hest. (E) Immunostaining for insulin (arrows) in pancreatic tissue of three
montb old wt and hPARP-J mi ce. 



bin A1c levels. which serves as a long-term indicator of blood 
glucose concentrations. in mice at the age of one year. Fig. 4D 
shows that the percentage of hemoglobin A1c of the total 
hemoglobin was equal in wt and mutant males. thereby largely 
excluding a pronounced diabetic phenotype in the mutant animals. 
In line with this finding. qualitative immunohistological analysis 
demonstrated apparently normal insulin content in the l3-cells of 
the islets of Langerhans in pancreatic tissue (Fig. 4E). 

In conclusion. analyses of postnatal development revealed 
sporadic premature death of mutant animals at the age of young 
adolescence. Moreover. we detected changes in the metabolic 
phenotype of mutant mice. such as alteration in body weight and 
glucose metabolism. 

3.4. Analyses of lifespan of hPARP-l mice 

Because of the spontaneous cases of death discovered in the 
group of mutant mice within the first three months of age. we 
evaluated if hPARP-l mice exhibit changes in survival rates 
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compared with wt Iittermates. A survival study comprising 
44 wt. 64 hemizygous mutant. and 31 homozygous Illutant 
animals was performed. Mutant mice showed significantly 
impaired survival rates. A similar effect was observed in a second 
mouse line with ectopic expression of hPARP-1 (Parp1 tm l.1 ( PAR

PI )Abu. hPARP-l -#113). which had been generated from an 
independent ES cell clone (Supp\. Fig. 5). Median Iifespans of wt. 
hPARP-l hemizygous. and hPARP-l homozygous mice were 686 
days. 572 days. and 520 days. respectively (Fig. 5). Maximum 
Iifespans were not significantly different between cohorts of 
different genotypes. To investigate if this phenotype might be 
related to segmental premature aging. we assessed hair growth as 
a potential biomarker of rodent aging (Harrison and Archer. 1988; 
Tyner et al.. 2002 ) at the age of one and two years. At both ages. hair 
growth was impaired in the group of mutant mice as compared to 
their wt littermate controls and reached statistical significance at 
the age of two years (Fig. 6A). Moreover. it became apparent that 
spontaneously deceased mice frequently had developed kyphosis 
(Fig. 68) . 
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In summary, hPARP-l mice showed impaired mean survival 
rates, accompanied by potential signs of premature aging. 

3.5. Characterization of morbidity in aging IIPARP-l mice 

To investigate the causes for the impaired survival of IIPARP-l 
mice, moribund or spontaneously deceased animals were studied 
with respect to the appearance of any abnormalities or pathological 
alterations compared to wl Iittermates. Pathological abnormalities 
(non-neoplastic as well as neoplastic lesions)were graded according 
to their severity as described in the Section 2. As shown in Fig. 7 A, 
survival rates of the 64 mice included in histopathological analyses 
paralleled those of the total aging cohort, indicating a representative 
sub-group of the total cohort. Mutant mice showed significantly 
impaired survival rates, whereas median and mean disease burdens 
of individual mice were equal between the different genotypes, thus 
indicating an earlier onset of diseases in the mutant cohorts (Fig. 7 A). 
While this effect was fairly pronounced for the overall disease burden 
of cohorts, ie., average sum of grades of non-neoplastic plus 
neoplastic lesions, and the non-neoplastic disease burden (Fig. 7 

B), the situation was more complex when focusing on tumor-related 
pathologies only. While overall tumor frequencies were slightly 
higher in the group of homozygous mutant mice compared to wl, no 
such effect, or even a slightly reverse effect, was observed in the group 
of hemizygous mutant animals (Fig. 7C). 

3.6. Characterization ofnon-neoplastic les ions in aging hPARP-l mice 

All non-neoplastic pathologies detected, such as glomerulo
pathy, nephritis, hepatitis, myocarditis/cardiac fibrosis, pneumo
nitis, and dermatitis, developed predominantly at higher 
frequencies, higher grades, and consistently at earlier time points 
throughout life in the cohort of mutant animals (Fig. 8 and Suppl. 
Fig. 6). Strikingly, high-grade (grade 3- 4) pathologies, which can 
be considered as potential causes of death developed already 
within the first year of life in the group of mutant mice, whereas 
they were observed in wt mice only at ages higher than 20 months. 
For example, in the mutant mouse cohorts, grade 4 gJomerulo
pathy was detected by the age of 9 months; grade 3 nephritis by 
the age of 11 months; grade 4 hepatitis by the age of 11 months, 
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Fig. 7. Overview of histopatholgical analysis of wild -type and IIPARP- l mice. (A) Left: Kaplan- Meier survival plots of mice subjected to histopathological analysis. Animals 
deceased spontaneously or moribund animals were sacrificed upon veterinary advice. Statistical analyses were performed using Log-rank test and Gehan- Breslow- Wilcoxon 
test Right: Disease burdens of individual mice as evaluated by cumulative grade of pathologies. Shown are medians with interquartile ranges. (B) Left: Cumulative disease 
burdens in cohorts of each genotype as evaluated by the average sum of the individual disease burdens within a mouse. Right: Cumulative non-neoplastic di sease burdens in 
cohorts of each genotype as evaluated by the average sum of the individ ual non-neoplastic disease burdens within a mouse. (C) Left: Tumor frequencies in cohorts of each 
genotype subjected to histopatJ1ological analysis. Right: Cumulative tumor burdens in cohorts of each genotype as evaluated by the average sum of the tumor burdens of 
individual mice. 

grade 3 pneumonitis by the age of 11 months, and grade 3 
dermatitis by the age of 9 months (Suppl. f igs. 6- 9). Moreover, 
moderate cardiomyopathy (grade 2) was detected in mutant mice 
by the age of 11 months, whereas first appearance of disease was 
detected in wt mice by the age of 21 months. We also observed 
potential hypertrophy of the islets of Langerhans in four 
hemizygous mutant (1 5%) and two homozygous mutant mice 
(10%) (Suppl. fig. 10). However, this alteration should be 
interpreted with caution, since no morphometric measurements 
were conducted. In conclusion, many of the inflanunation-related 
pathologies that naturally occurred in old wt mice developed in 
mutant mice already at considerably younger ages, at higher 
frequencies, and with higher severity. 

3.7. Characterization o/neoplastic lesions in aging hPARP-1 mice 

The first tumors were observed at the age of 6.8 months in wt 
(epithelioma) and at the age of 8.7 months in mutant mice 

(lymphoma). Whereas overall tumor load in moribund mice was 
similar in wt and mutant mice, differences in the nature of the 
tumors became apparent (fig. 9 and Suppl. Fig. 11). About one third 
of wt mice developed hemangiomas or hemangiosarcomas (first 
detection at the age of 17.3 months), whereas none of the mutant 
mice developed this type of neoplasm. In contrast, the incidence of 
adenomas and carcinomas nearly doubled in the group of 
homozygous mutant mice, with 28% of wt and about 50% of 
homozygous mutant mice affected. In particular, the incidence of 
hepatocellular adenomas and carcinomas was increased in the 
group of mutant mice with about 20% of homozygous mutant mice 
developing this type of neoplasm compared with only 6% of wt 
mice (Suppl. fig. 12). first onset of this type of neoplasm was 
detected at 24.7 months of age in wt mice, whereas at 18.7 months 
of age in mutant mice. Of note, three out of seven of the detected 
hepatocellular carcinomas (43%) metastasized in the mutant 
cohort (Suppl. fig. 12). Lymphoma incidence did not considerably 
differ between wt and mutant with 17% of wt and 10% in 
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homozygous mutant mice ilffect.ed. First time of appearance of 
lymphomas was 17.9 months of age in wt and 8.7 months of age in 
mutant mice. 

In conclusion, overall tumor load was not considerably different 
in mutant compared to wt mice, however the spectrum of the 
neoplasms that occurred was shifted, as mutant animals developed 
fewer sarcomas, but more adenomas and carcinomas, in part icular 
hepatocellular carcinomas, compared to wt. 

3.8. Characterization oJ potential mechanisms of disease in hPARP-l 
mice 

During histopathological analyses of aging mouse cohorts, we 
incidentally discovered cases of anemia in mutant moribund mice. 
Therefore, we studied hematological parameters of apparently 
healthy mutant mice compared to their wt Iittermate controls at 
the age of one and two years. Analyses revealed normocytic, 
normochromic anemia in the mutant mice. While erythrocyte 
volume and intracellular hemoglobin concentration remained 
normal, hematocrit levels decreased by 19.1% (P = 0.06), erythro
cyte counts by 18.6% (P = 0.06) and overall blood-hemoglobin 
content by 19.4% (P < 0.05) at the age of one year (data not shown). 
This effect reached higher statistical significance at the age of two 
years with a decrease in hematocrit by 17.8%, in erythrocyte counts 
by 16.2%, and in overall hemoglobin content by 17.4% (Fig. 10). 
Moreover, at this age the fraction of monocytes of the total white 
blood cell count significantly increased from 2.18% in wt mice to 

2.71 % in homozygous mutant mice (Fig. 10). This form ofanemia is 
indicative of anemia of chronic disease which is considered a 
consequence of progressive chronic inflammation (Zarychanski 
and Houston, 2008). Since PARP-l acts as an essential coactivator 
of the pro-inflammatory transcription factor NF-KB, we studied 
expression levels of selected NF-KD responsive genes, i.e., TnJ-a, 11-
1, and 11-6. Consistent with the multiple signs of inflammation in 
hPARP-l mice, such as splenomegaly, anemia, and the premature 
development of several inflammation-related pathologies, TNF-Ct 
and IL-1 mRNA levels were upregulated by more than 100% in 
homozygous mutant mice. On the other hand, and rather 
unexpectedly, levels of IL-6 dropped by 89% in the group of 
mutant mice (Fig. llA). 

Since PARP-1 exhibits a profound role during mUltiple path
ways of DNA repair, such as base excision repair and non
homologous end jOining, we studied the effect of ectopic hPARP-1 
expression on DNA repair kinetics upon genotoxic stress (X-ray 
irradiation) using the technique of automated f1uorimetric 
detection of alkaline DNA unwinding (FADU) (Moreno-Villanueva 
et aI., 2009). Of note, we detected a significant delay in DNA repair 
kinetics in freshly isolated splenocytes from young adolescent 
homozygous mutant mice compared to wt controls (Fig. 11 B). 

In summary, hPARP-l mice progressively developed normocy
tic, normochromic anemia, which is indicative of anemia of chronic 
disease, and showed dysregulation of NF-KB responsive genes. 
Moreover, cells from homozygous mutant mice exhibited delayed 
DNA repair kinetics. 
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Fig. 9. Neoplastic lesions in deceased or moribund wild -type and IIPARP- I mice. (A) frequencies of neoplastic lesions in wild-type (wt) and hPARP- I mice as classified by 
tumor origin. Two tumors from homozygous mutant mice could not be classified with absolute certainty; therefore. these mice were omitted from respective tumor analysis. 
(8) Cumulative frequencies oftumor grades. Neoplastic lesions were graded as described in SectianZ ranging from small local tumars (grade 1) to tumor metastases in four or 
more organs (grade 4). Only high-grade lymphomas were detected in our mouse cohorts and therefore lymphomas were graded as grade 3 lesions in every case. 

4_ Discussion 

Recently, we generated a novel mutant mouse model with 
ectopic expression of hPARP-l, i.e. , hPARP-l mice (Mangerich et aI., 
2009). Chromosome 1 of these mice carries one ectopic copy of 
heterologous hPARP- l in addition to the endogenous mParp-l 
(Mangerich et aI., 2009). In the current study. we report the 
detailed phenotypic characterization of these mice. 

Screening of PARP-I expression in different wt mouse tissues 
revealed high endogenous PARP-I levels in the lymphoid and 
reproductive organs and moderate to low PARP-I expression in all 
other organs tested (Fig. 1). These data confirm previous studies 
analyzing PARP-I expression at mRNA level in different mouse 
tissues indicating that PARP-l protein levels are mainly main-

tained through transcriptional regulation (Hakme et aI., 2008; 
Menegazzi et aI., 1991; Ogura et aI., 1990). The fact that no PARP-'l 
expression was detectable in the intestine in our study might be 
related to the finding by Hakme and colleagues showing that 
presence ofPARP-l mRNA is restricted to the crypts of the intestine 
(Hakme et aI., 2008). Therefore overall PARP-l levels in the 
intestine may be below the detection limit. The finding that 
heterologous hPARP-I protein levels correlate with those of the 
endogenous mPARP-l throughout the different mouse tissues is in 
agreement with the fact that the transgenic hPARP-l coding 
sequence is transcriptionally controlled by the mParp-l promoter 
(Fig. '1). Individual analyses ofhPARP-'1 and mPARP-'1 protein levels 
revealed that hPARP-I is expressed in a gene-dose-dependent 
manner in mutant mice and mPARP-llevels declined correspond-
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Hematocrit White Blood Cell Count Monocytes in % of WBC 

Hemoglobln Mean Cell Hemoglobln Concentration Mean Red Blood Cell Volume (MCV) 

wt 2xhPARP·1 wt 2xhPARp·1 wt 2xhPARP·1 

Fig. 10. Hematological analysis of two-year old wild-type (wc) and homozygous mutant (2 x IlPARP- l) mice. The differences detected in hematological paramete rs are 
characteristic of normocytic. normochromic anemia. which is indicative of ancmia of chronic disease. Statistical analysis was performed using Student's t-test. n = 8, 
mean ,j, SEM. WBC, white blood cell count. 
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Fig. 11. Analyses of gene trans cription and DNA repair. (A) Cytokine expression in 
one-year old I1PARP- l mice. mRNA levels ofTNF-a, 11..-1 a, and IL-6 of homozygous 
mutant (2 xI1PARP- l) mice were compared to wild-type (wt) Iittermates by 
quantitative rea l- time PCR. Data are from five individual experiments, each 
performed in technical tr iplicates , means ,j, SEM. (B) DNA repair kinetics of 
splenocytes isola ted from age-matched 1- to 3-month old wt and homozygous 
mutant (2 x hPARP- l ) mice. Splenocytes were irradiated with X-rays (3.8 Gy and repair 
kinetics evaluated as described in Section 2 using the automated FA.DU assay. 
Statistical analysis was performed using two-way ANOVA. Data are from six individual 
experiments, each performed in technical triplicates. Shown are means ,j, SEM. 

ingly (Fig. 2). These results underline previous reports demon
strating that PARP-1 binds to specific DNA structures and motifs 
within its own promoter region to inhibit its own transcription in 
an autoregulatory manner (Lonskaya et aI., 2005; Gei et aI. , 1994; 
Soldatenkov et aI., 2002: Vidakovic et aI., 2009). Thereby, hPARP-l 
accounts for about 50% of total PARP-1 in the homozygous hPARP-I 
animals. 

For the phenotypic interpretation of mutant mice, it should be 
noted that gene loci other than Parp-I, ie., Un-9 and Gm821, are 
affected in those mice, which might contribute at least in part to 
the phenotype of mutant mice (Mangerich et aI., 2009). However, a 
smaller aging cohort of a second mouse line (Parpl tml.1(PARPl )Abu, 

hPARP-I-#l13), which was obtained from another ES cell clone, 
carries no duplication of Lin-9 (Mangerich et aI., 2009), butshowed 
also impaired survival rates and development of corresponding 
pathologies (Suppl. Fig. 5). This finding indicates that targeting of 
Lin-9 is very unlikely to be the main contributor to the observed 
phenotype in mice analyzed in this study (Parpl tml.1 ( PARPl)Abu, 

hPARP- I -#225 ). With respect to Gm821, in general, so far it is not 
known if Gm82I (gene model 821 ) gives rise to a functional protein 
at all. Thus, taken together, it is to be expected that the phenotype 
observed in hPARP- l mice is indeed caused by ectopic expression of 
hPARP-l. 

Except for some incidences of death within the group of mutant 
mice before the age of three months, no severe phenotypic 
alterations were observed until adolescence of these animals. 
However, metabolic alterations, such as increased body weight and 
impaired glucose tolerance became apparent in the mutant cohort 
during that period (Figs. 3 and4 and Suppl. Fig. 2). While at the age of 
5 months glucose metabolism was unchanged in females, mutant 
males developed glucose intolerance compared towt controls at this 
age, thus providing evidence for a prediabetic state of these animals. 
In future studies, it remains to be seen if the detected glucose 
intolerance of mutant males is also accompanied by changes in 
insulin levels and insulin sensitivity. Since under the conditions 
tested there were no indications for dysregulation of blood lipids 
(Suppl. Fig. 3) nor for the development of an acute diabetic condition 
(Fig. 4), it might be interesting to place hPARP- 1 mice on a high fat 
diet in order to further challenge the metabolic regulatory systems 
in these mice. Interestingly, although Parp- I - I - mice were reported 



to be leaner compared to their wt Iittermates (de Murcia et aI., 1997), 
a recent study demonstrated that PARP-I-I- mice, if fed with a high 
fat diet, are susceptible to diet-induced obesity, insulin resistance, 
and glucose intolerance (Devalaraja-Narashimha and Padanilam, 
201 0). With regards to gender differences in glucose metabolism of 
wt mice, it was shown previously that C57BL/6 are susceptible to 
develop glucose intolerance and that male C57BL/6 mice exhibit 
higher levels of glycation of hemoglobin (Dubuc et aI., 1993; Kaku 
et aI., 1988). However, further evaluation is indicated regarding our 
finding of differences in glucose metabolic responses between wt 
males and females (Fig. 4). Possible causes for the detected gender 
differences in glucose tolerance may be due to our experimental 
setting (6 h of daytime fasting, application of 2 mg glucose per gram 
body weight) and/or different stress responses of sexes during the 
test procedure. 

The survival of our wt population was in the range of or even 
better than the published data on the B6;129 strain (Fig. 5) (Haines 
et aI., 2001; Hursting et aI., 1997). Importantly, the absence of 
pathogens in our mouse colony was confirmed on a regular basis. 
In accordance with previous reports on aging B6; 129 mice (Haines 
et aI., 2001; Hoenerhoff et aI., 2006; Maronpot et aI., 1999; Ward 
et aI., 2000), non-neoplastic lesions in old wt mice comprised 
nephropathies, low-grade hepatitis, cardiomyopathies, crystal 
pneumonitis, and inflammatory skin lesions (Fig. 8 and SuppL 
Fig. 6). These pathologies were observed in the group of mutant 
mice at higher frequencies, higher pathological grades and at 
earlier onsets compared to wt Iittermates, suggesting that aging 
hPARP-l mice are prone to develop pathologies related to 
inflammatory processes at an earlier age (Fig. 7 and SuppL Fig. 
6). In particular grade 3 and 4 histopathological alterations like 
nephropathies, hepatitis, pneumonitis, and dermatitis, which are 
considered as potential causes of death, occurred within the first 
year of life exclusively in the mutant cohort, thereby contributing 
to the increased mortality in this group (Suppl. Fig. 6). Strikingly, 
Pmp-l-I- mice are protected from several inflammation-related 
diseases (Beneke, 2008). With regards to nephropathies, it is 
noteworthy that PARP-l itself as well as its direct interaction 
partner NF-KB were implicated in the etiology of such diseases 
(Auwardt et aI., 2000; Jog et aI., 2009). The finding of islet cell 
hyperplasia in hPARP-l mice should be interpreted with caution, 
because exact morphometric measurements have not been 
conducted. Nevertheless, it is noteworthy that hyperplasia of 
the islets of Langerhans can be caused by increased tissue 
inflammation (Bouwens and Rooman, 2005; Campbell et aI., 
1994). With regards to the detected high-grade hepatitis in the 
cohort of mutant mice, the exact etiology of these lesions remains 
unknown. Since our mouse colony repeatedly tested negative for 
Mouse Hepatitis Virus, it might be possible that the affected mice 
developed autoimmune hepatitis. In general, autoimmune hepati
tis is a necroinflammatory, progressive, chronic disease of 
unknown cause (Krawitt, 2006). Interestingly, PARP-l itself was 
implicated in the development of autoimmune disease (Grader
Beck et aI., 2007; Jeoung et aI., 2004; Jog et aI., 2009). Although we 
did not detect autoantibodies in hPARP-l mice (data not shown), 
we cannot exclude that in the mice with hepatitis an autoimmune
driven reaction occurred. 

In summary, the observed pathologies in hPARP-1 mice clearly 
show that these animals are prone to develop inflammation
related diseases. A pro-inflammatory status of hPARP-l mice is 
further supported by the development of non-neoplastic spleno
megaly and normocytic, normochromic anemia in hPARP-l mice. 
This type of anemia is indicative of anemia of chronic disease and is 
considered a result of increased inflammatory status (Hedrich, 
2004; Zarychanski and Houston, 2008). Such an interpretation of 
the observed phenotype is supported by the fact that PARP-l 
participates in the development of many inflammatory diseases 
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due to its overactivation under pathophysiological conditions and! 
or due to its function as a coactivator of NF-KB (Beneke, 2008; 
Hassa and Hottiger, 2002; Jagtap and Szabo, 2005). 

Cancer and aging are closely connected, and cancer represents 
one of the major age-related diseases in the mouse and in man 
(Maslov and Vijg, 2009). Although hPARP-l homozygotes devel
oped tumors at slightly higher frequencies compared to wt, in 
general, hPARP-l mice were not especially tumor-prone compared 
to their wt littermates. However, when evaluating the tumor 
spectrum in greater detail, we identified substantial changes in the 
type of tumors appearing in hPARP-l mice compared to wt 
controls. In general, lymphomas were described as one of the most 
conunon form of spontaneous malignancies in aging B6;129 mice, 
which is in accordance with findings in our wt cohort (Haines et aI., 
2001 ; Ward et aI., 2000). Moreover, about one third of our wt mice 
developed hemangiomas and hemangiosarcomas (Fig. 9 and Suppl. 
Fig. 11). Although hemangiomas and hemangiosarcomas were 
described to develop in aging cohorts of this type of strain, such 
high incidence of vascular neoplasms was not observed before and 
might reflect potential variations of the 129P2!OlaHsd substrain 
(Haines et aI., 2001; Ward et aI., 2000). In contrast to wt mice, 
mutant animals developed fewer mesenchyme-derived tumors, in 
particular hemangiosarcomas (Fig. 9 and Suppl. Fig. 11). In 
contrast, incidences of epithelial-derived tumors increased from 
28% in the wt cohort to 50% in the homozygous mutant cohort. In 
particular, four out of 20 homozygous mutant mice (20%) 
developed hepatocellular carcinomas with first appearance at 
the age of 19 months compared to only one out of 16 wt mice (6%) 
which developed hepatocellular adenomas containing focal 
carcinomas at the age of 25 months. A previous study showed 
that in an aging B6;129 cohort about 10% of mice developed 
hepatocellular adenomas and only 1% hepatocellular carcinomas 
(Haines et aI., 2001). In general, spontaneous hepatocellular 
carcinomas in the mouse are slow growing and rarely metastasize 
(Turusov, 1979). In contrast, in hPARP-l homozygotes 50% of the 
hepatocellular carcinomas metastasized to other tissues (Fig. 9 and 
Suppl. Figs. 11 and 12). Given the moderate expression ofmPARP-l 
and hPARP-l in the liver of mutant animals, it is tempting to 
speculate that only a subset of cells in the liver, e.g., cells of the 
immune system such as Kupfer cells, show high expression of 
murine and human PARP-l. 

Chronic diseases and inflammation are tightly linked, and 
chronic inflammation increases the risk of developing many types 
of diseases including cancer (Mantovani et aI., 2008). In general, 
chronic inflammation gives rise to reactive oxygen and nitrogen 
species which cause damage to all cellular macromolecules 
induding DNA (Son et aI., 2008). On the one hand, this can lead 
to further tissue damage, thereby promoting chronic inflammation 
and over time leading to progressive tissue deterioration and 
development of chronic diseases. On the other hand, constant DNA 
damage can lead to mutations and genomic instability, thus, 
driving carcinogenesis. The findings that DNA repair was delayed 
in hPARP-l homozygotes (Fig. 11) taken together with multiple 
signs of inflammation in hPARP-l mice provide a mechanistic 
interpretation for the observed phenotype of hPARP-l mice. 
Regarding the development of aggressive forms of hepatocellular 
carcinoma for instance, it thus can be hypothesized that an 
enhanced inflammatory status in tile liver, which may contribute 
to increased oxidative stress and DNA damage, leads to tumor 
initiation and promotion even enhanced by impaired DNA repair. 

Although our previous in vitro results demonstrated that 
purified hPARP-l exhibits higher poly(ADP-ribosyl)ation capacity 
compared to its rodent orthologue and despite the fact that basal 
NAD+ levels were significantly decreased in hPARP-l-expressing 
mouse ES cells, we have no indications so far for an altered 
poly(ADP-ribosyl)ation capacity of hPARP-l cells in vivo (Suppl. Fig. 
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1). Therefore, we hypothesize that regulatory mechanisms in vivo 
seem to be able to keep NAD+ levels and poly(ADP-ribosyl)ation in 
halance. However, at present we cannot exclude that mutant cells 
encounter alterations in poly(ADP-ribose) metabolism under 
specific conditions, thereby contributing at least in part to 
phenotypic alterations. 

PARP-l interacts \-vith and modifies dozens if not hundreds of 
proteins. Kinetics of protein interactions are of great importance 
for the function of PARP-L Thus, it is tempting to speculate that 
sequence differences between mouse und human PARP-l (overall 
homology ~95%) affect interactions of hPARP-1 with murine 
proteins. As a result, this may lead to changes in cellular functions, 
either gain of function or loss of function, depending on the 
strength and the kinetics of the interaction. Thus, it is possible that 
delayed DNA repair in hPARP-l cells is caused either by impaired or 
by stronger, ie., dominant-negative, interactions of hPARP-1 with 
mouse DNA repair factors, such as XRCCl and DNA-PK. Further
more, it is conceivable that PARP-I-NF-KB interaction is altered in 
hPARP-l cells leading to increased NF-KB activity and over time to 
the development of a broad spectrum of inflammatory diseases. 
This notion is supported by the finding that expression of some NF
KB-mediated cytokines such as TNF-a and 11-1 is upregulated in 
hPARP-l animals (Fig. 11). Even though the finding of down
regulation of IL-6 seems paradoxical at first glance, the role of IL-6 
in chronic inflammation is reported to be multifaceted and to 
depend on the status of the inflammatory reaction (Gabay, 2006). 
Thus, downregulation of IL-6 expression might represent a 
compensatory feed-back mechanism of the organism in an attempt 
to compensate for the higher inflammatory burden in mutant mice. 

A direct relationship exists between physiological aging and 
increasing incidence of age-related and chronic inflammatory 
diseases (Hayden, 2007; Masoro, 2006). During aging, the 
continuous pressure on the immune system caused by repeated 
antigen stimulation could lead to an increase in activated immune 
cells and secretion of pro-inflammatory cytokines, a phenomenon 
known as 'inflammaging' (De Martinis et aI., 2005; Finch, 2007; 
Franceschi et aI., 2000). Due to the fact that maximum lifespan is 
not altered in hPARP-l mice compared to wt mice, the hPARP-l 
cohort in total did not display a general premature aging 
phenotype. Yet, in addition to the finding that mutant mice 
developed age-associated diseases prematurely, some findings of 
our study, such as development of kyphosis and impaired hair 
growth of hPARP-l mice, are in support of the view that some of the 
affected mice displayed segmental premature aging. Kyphosis is 
generally considered as potential sign of premature aging in mice 
(de Boer et aI., 2002; Razzaq ue et aI., 2006) and assessment of hair 
growth was formerly described as a potential biomarker of aging in 
the mouse, reflecting stem cell aging (Harrison and Archer, 1988; 
Tyner et aI., 2002). 

In conclusion, here we present a novel mouse model with 
ectopic expression of human PARP-l to study the role of PARP-l on 
an organismalleveI. Human PARP-l mice exhibited a multifactorial 
pathological phenotype showing impaired survival, a shift in Ule 
tumor spectrum of spontaneous tumors, as well as metabolic 
changes such as increased body weights and gender-specific 
impaired glucose tolerance. Furthermore, mutant mice developed 
inflammation and age-related pathologies prematurely. We 
propose that in some aspects, hPARP-1 mice could serve as a 
mammalian model of so-called "inflammaging". 
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