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The yeast Sir2p protein has an essential role in maintaining telomeric and mating type genes in their
transcriptionally inactive state. Mammalian cells have a very large proportion of their genome inactive and
also contain seven genes that have regions of homology with the yeast sir2 gene. One of these mammalian genes,
sir2�, is the presumptive mammalian homologue of the yeast sir2 gene. We set out to determine if sir2� plays
a role in mammalian gene silencing by creating a strain of mice carrying a null allele of sir2�. Animals carrying
two null alleles of sir2� were smaller than normal at birth, and most died during the early postnatal period.
In an outbred background, the sir2� null animals often survived to adulthood, but both sexes were sterile. We
found no evidence for failure of gene silencing in sir2� null animals, suggesting that either SIR2� has a
different role in mammals than it does in Saccharomyces cerevisiae or that its role in gene silencing in confined
to a small subset of mammalian genes. The phenotype of the sir2� null animals suggests that the SIR2� protein
is essential for normal embryogenesis and for normal reproduction in both sexes.

The irreversible inactivation of genes occurs in the mamma-
lian genome in the context of X chromosome inactivation,
genomic imprinting, and allelic exclusion. Sporadic silencing of
certain tumor suppressor genes also occurs during the devel-
opment of some cancers (reviewed in reference 31). The events
responsible for initiating gene silencing and maintaining silent
genes in their inactive form are widely believed to rely on DNA
methylation and nucleosome modifications (reviewed in refer-
ences 9, 19, 22, and 39). The molecular events comprising
histone modifications and their relationship to gene inactiva-
tion have been intensively investigated in the budding yeast
Saccharomyces cerevisiae, in which telomere-dependent gene
silencing and maintenance of the silent mating type loci have
indicated that the Sir2p protein plays a central role in main-
taining genes in their inactive configuration (reviewed in ref-
erence 17).

Sir2p has NAD�-dependent histone deacetylase activity (18,
24, 43, 45), and the catalytic domain of Sir2p is present in four
other genes in S. cerevisiae (10). This domain is also present in
genes encoded by the genomes of the most primitive organisms
(7) as well as in mammals (13). Seven mammalian genes carry
the SIR2 catalytic domain, and this domain can substitute for
the same domain in yeast Sir2p (42).

Yeast Sir2p plays an important role not only in gene silenc-
ing but also in a variety of other biological processes. These

include regulation of the cell cycle, DNA repair, DNA recom-
bination, and aging (reviewed in references 14, 17, and 33).

Given the extraordinary conservation of the SIR2 catalytic
domain and the multitude of biological functions served by the
yeast Sir2p, it seems likely that the related proteins in mam-
malian cells also have important functions. We were particu-
larly interested in determining whether the mammalian sir2

homologues play roles in gene silencing. We therefore selected
the murine gene most closely related to the yeast SIR2 and
created a null allele of this sir2� gene in embryonic stem (ES)
cells. This null allele was introduced into the germ line of mice,
and sir2� null animals were created. The characteristics of
these mice suggest that the mammalian SIR2� protein has no
role in gene silencing but plays a role in the growth and mat-
uration of the embryo and in gametogenesis in both sexes.

MATERIALS AND METHODS

ES cell culture. ES cells of the R1 line (36) were cultured on irradiated STO

feeder cells in the presence of leukemia inhibitory factor. The STO feeder cells

had been selected previously for hygromycin resistance following transfection

with an expression plasmid (2) encoding the hygromycin resistance (hyg) gene.

The R1 cells were electroporated with the linearized plasmid DNA shown in Fig.

1, and colonies were selected for growth in 200 �g of hygromycin per ml.

Individual colonies were picked and expanded, and DNA was prepared from

each as described previously (23).

Animal experimentation. Groups of 5 to 10 ES cells carrying the integrated

vector were aggregated in culture along with zona-free 2.5-day embryos of the

CD1 outbred mouse strain (36). These aggregates were cultured for 48 h, and the

expanded blastocysts that developed were transferred to the uteri of 3.5-day-

pseudopregnant foster mothers of the CD1 strain. Male animals born from these

manipulated embryos were assessed for coat color chimerism, and these animals

were mated with CD1 females to determine which were able to sire black/agouti

offspring. The male chimeric animals whose germ lines were derived from the ES
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cells were subsequently mated with 129/Sv females, and the offspring from these

matings were genotyped from DNA obtained by a tail clip at weaning.

Vaginal washes from female animals were acquired daily and assessed essen-

tially as described previously (47). The females were maintained in cages that had

previously been occupied by males.

Blot hybridization. DNA was isolated from cells or tissues by standard pro-

cedures (23), digested with restriction enzymes under the conditions recom-

mended by the manufacturer, and separated by electrophoresis on 1% agarose

gels (41). The DNA was transferred to membranes, radioactive probes were

created by oligonucleotide priming from isolated DNA fragments, and hybrid-

ization was carried out as described previously (41). RNA isolation, gel electro-

phoresis, and blot hybridization were done as described previously (41).

Immunofluorescence. Immunofluorescence was performed on whole preim-

plantation embryos or frozen sections from adult or embryonic tissues previously

fixed for 1 to 2 h in 4% paraformaldehyde. Rabbit antiserum directed against the

SIR2� protein (M.W. McBurney, X. Yang, K. Jardine, M. Bieman, J. Th’ng, and

M. Lemieux, unpublished data) was immunopurified by adsorption and elution

from recombinant His-tagged SIR2� protein made in bacteria. After incubation

with the primary and secondary antibodies, preparations were stained with

Hoechst 33258 before mounting and viewing in a Zeiss Axiophot microscope

equipped with a deconvolution system.

RESULTS

sir2� gene structure and targeted disruption. Although
there are seven genes in the human (16) and mouse genomes
that share a region homologous to the catalytic domain of the

FIG. 1. Homologous recombination into the sir2� locus. The sequence for sir2� mRNA was inferred from the expressed sequence tag database,
and reverse transcription-PCR was used to amplify and clone a cDNA corresponding to exons 3 to 9. This cDNA sequence was confirmed and used
to isolate two overlapping genomic clones derived from strain 129/Sv mice. DNA sequencing was used to locate the exons, as shown in the upper
panel. The targeting vector was constructed as shown, where the selectable sequence replaces exons 5 and 6, which encode highly conserved regions
of the catalytic domain of the SIR2� protein. The selectable sequence consists of splice acceptor (SA) and splice donor (SD) sequences derived
from exons 3 and 5 of the mouse Pgk-1 gene (3) surrounding the poliovirus internal ribosome entry site (ires) (35) and the coding region for a gene
fused from the hygromycin and herpes simplex virus thymidine kinase (TK) genes (30). The targeting vector was linearized and electroporated into
the R1 line of ES cells (36), which were subsequently selected for hygromycin resistance. Individual clones were isolated and expanded, and their
DNA was analyzed by Southern blotting following digestion with the enzymes shown in the two lower panels. The two clones shown in lanes 3 and
5 had patterns of hybridizing bands that are consistent with homologous recombination having occurred at both the 5� and 3� ends of the targeting vector.
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yeast SIR2 gene, one of these homologues, sir2�, encodes a
protein with a higher degree of sequence identity (40%) to the
yeast Sir2p than the other six. The full-length cDNA sequence
of sir2� has been published (18). We amplified a partial sir2�

cDNA encoding the C terminus of the SIR2� protein from
reverse-transcribed mRNA isolated from the R1 line of ES
cells (36). This sir2� cDNA was used to screen a bacteriophage
genomic library derived from the DNA from strain 129/Sv mice
(a gift from Douglas Gray). Two overlapping clones were iso-
lated, subcloned into plasmid vectors, restriction mapped, and
partially sequenced. The cloned genomic region consisted of
the last seven exons of the sir2� gene (Fig. 1), a gene structure
that is the same as that of its human homologue (accession
number AL133551).

We constructed two knockout vectors designed to delete

exons 5 and 6 from the sir2� gene. These two exons encode a
region of the SIR2� protein that comprises a large portion of
the catalytic domain, so we predicted that the result of homol-
ogous recombination would be a null sir2� allele. Because the
sir2� gene is expressed in ES cells (McBurney et al., unpub-
lished data), we created a knockout vector in which the select-
able gene encoding hygromycin resistance would be driven by
the sir2� promoter following homologous integration into the
sir2� locus (35) (see Fig. 1). This vector was linearized and
electroporated into R1 cells. Treated cells were selected in
hygromycin, and drug-resistant colonies were expanded and
screened by Southern blot hybridization with probes that iden-
tify both the 5� and 3� sides of the homologous recombination
event.

A second knockout vector was created with the selectable

FIG. 2. Isolation of ES clones deleted for both sir2� genes. R1 ES cells (lane 1) that had homologously integrated the hygromycin resistance
vector (lane 2) were electroporated with a second knockout construct carrying the lacZ-neomycin resistance (�-geo) gene (35), and the cells were
selected for resistance to G418. Among the clones isolated, some, like that shown in lane 3, had the �-geo sequence in place of the hygromycin
resistance-thymidine kinase sequence, while others, like that shown in lane 4, had both the �-geo and the hygromycin resistance-thymidine kinase
sequences homologously integrated into the two sir2� genes. The Southern blot shown in the lower panel was derived from DNA digested with
NsiI plus BamHI and probed with the sequence shown, derived from DNA outside the region used for the knockout vectors.
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gene encoding G418 resistance (35) inserted into the same
sir2� targeting arms, and this linearized vector was electropo-
rated into one of the R1 clones carrying the correctly targeted
hygromycin resistance vector. Cells resistant to G418 were
selected and expanded for analysis. Among the G418-resistant
clones were those in which both wild-type alleles of sir2� were
replaced with the two knockout vectors (Fig. 2). These sir2�

null cells grew well in culture and have been maintained for
more than a year, indicating that the SIR2� protein is not
essential for cell growth, viability, or immortality.

We expected that the knockout alleles would be unable to

produce SIR2� protein. To confirm this, we created a poly-
clonal rabbit antibody that recognizes the murine SIR2� pro-
tein (McBurney et al., unpublished data) and used this anti-
body to probe protein blots from the ES knockout cells (Fig.
3). ES cells carrying one knockout allele had approximately
half the SIR2� protein present in the diploid wild-type cells,
and the double knockout had no detectable SIR2� protein.

The cells from the hygromycin-resistant clone isolated from
the first electroporation experiment were aggregated with 2.5-
day embryos derived from the CD1 mouse strain, and the
mosaic blastocysts were transferred to the uteri of pseudopreg-
nant foster mothers. Several of the male chimeras born from
these manipulated embryos had their germ lines derived ex-
clusively from the ES cells, and these were used to introduce
the sir2� null allele into both the outbred CD1 line and the
inbred 129/Sv strain. Animals carrying the sir2� null allele were
identified by Southern blot hybridization, and these heterozy-
gous animals were fertile and apparently normal.

sir2� null genotype is postnatal lethal. Males and females
heterozygous for the sir2� null allele were mated, and offspring
were genotyped at weaning by Southern blotting (Fig. 4). An-
imals carrying two sir2� null alleles were present among the
viable offspring, but their proportion was about half what was
expected, suggesting that there was prenatal or early postnatal
loss of approximately half of the sir2� null offspring.

To investigate the possible loss of sir2� null embryos during
gestation, we mated heterozygous animals and harvested
mothers at various times after the appearance of the copula-
tion plug. Each embryo was genotyped from DNA isolated
from the fetal membranes, and each embryo was fixed for
examination. sir2� null embryos were present at early and late
stages of gestation in roughly the expected proportions, but
some of these sir2� null embryos were abnormal (Fig. 5) and
would not have survived following birth. Thus, the reduced
number of sir2 null animals at birth probably reflects the im-
mediate postnatal loss of abnormal fetuses.

Most of the sir2� null embryos looked normal but were
smaller than their wild-type or heterozygous littermates (Fig.
5). Examination of some of the sir2� null fetuses indicated that
they were retarded in certain developmental processes. For
example, the mineralization of the digits in the sir2 null animals
was delayed relative to their wild-type littermates (K. Reuhl et
al., unpublished observations).

Following birth, the sir2� null mice were easily identified, as
they were smaller than their littermates and their subsequent
development was slower than that of their littermates. The
most obvious developmental delay was eyelid opening. In the
sir2� null animals, eyelids remained closed forever or for sev-
eral months after birth.

The postnatal development of the sir2� null animals was
dependent on their genetic background. On the inbred 129/Sv
genetic background, the sir2� null animals invariably died be-
fore reaching 1 month of age. On the outbred genetic back-
ground from a mix of the CD1 and 129/Sv strains, the sir2� null
mice were much more likely to thrive, although their stature
was smaller than that of their littermates (Fig. 6) and they all
had the characteristic eyelid defect. Many of these sir2� null
animals had a short or deviated snout as well but otherwise
appeared normal. During the early postnatal period, these
sir2� null animals were inevitably smaller than their litter-

FIG. 3. SIR2� protein is absent from sir2��/� ES cells. Protein was
isolated from the cells indicated and run on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The proteins were electrophoreti-
cally transferred to membranes, where they were probed with antibody
to SIR2� (panel A) and to tubulin (panel B).

FIG. 4. Viable sir2� null offspring arise from crosses between het-
erozygous animals. Males and females that were genotyped as het-
erozygous for the mutated sir2� alleles were mated, and the DNA from
their offspring was used for Southern blots to allow genotyping of
individual animals. The DNA was digested with NsiI and KpnI, and the
blots were probed with the 3� probe shown in Fig. 1. In the litter shown
in the upper panel, the three expected genotypes were present; lane 2
has two wild-type sir2� alleles, lane 5 has two mutant alleles, and lanes
1, 3, and 4 are heterozygous. The table shows the numbers of offspring
of each genotype from these crosses of heterozygous parents. The
strain labeled 129/CD1 is outbred and has a mixed genotype, while the
strain labeled 129 includes animals in which the targeted sir2� allele
was maintained on the 129/Sv background.
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mates, but most thrived and eventually approached the size of
the wild-type animals (Fig. 7).

Examination of the internal tissues of the sir2 null animals
indicated that many organs were smaller than those of wild-
type animals, but the histology of most appeared normal. In
some animals, the eyes, although normal in size, had abnor-
malities of the cornea, lens, and retina, but these may have
been a secondary consequence of the fact that the eyelids of
sir2� null mice do not open in a timely manner. Two organs
consistently affected in the mutants were the lung and pan-
creas. Neutrophil infiltration of the lungs suggested chronic
pulmonary infection that led to pneumonitis, pulmonary
edema, and right ventricular hypertrophy. The pancreas
showed patchy atrophy of the exocrine epithelium. These lung
infections and pancreatic defects are probably responsible for
the early postnatal lethality of the sir2� null animals. An ex-
amination of the lymphoid system in sir2� null animals indi-
cated that the thymus contained normal numbers and propor-
tions of T cells and that the spleen complement of B cells was
normal. The only consistent abnormality appeared to be a

reduced proportion of CD8-positive T cells in the spleens of
sir2� null animals.

sir2� null animals do not reexpress a silenced transgene or

prematurely erode their telomeres. The yeast Sir2p is essential
for maintaining the transcriptional inactivity of genes in this
organism. The fact that the sir2� null mice develop relatively
normally and that a very large proportion of the genes in a
mammalian tissue remain silent suggest that the mammalian
SIR2� may not be required to maintain gene inactivity in the
mammalian genome. We probed Northern blots of RNA iso-
lated from sir2� null and wild-type day-12.5 embryos and adult
tissues. These blots yielded no evidence for ectopic expression
of any of the endogenous genes that we assayed (IGF-II, IGF-
IIR, endogenous retrovirus, gtl-2, SNRPN, Peg-3, H19, Lo-1,
Zfp127, necdin, UBE3, and �2-microglobulin). Microarray
analysis of RNA isolated from day-12.5 embryos also indicated
that the vast majority of genes are normally expressed in the
sir2� null animals.

Nevertheless, we set out to directly test whether the inacti-
vation of a silent transgene could be modulated in sir2� null

FIG. 5. sir2� null animals are not lost during fetal development but are smaller and occasionally have exencephaly. Animals heterozygous for
the mutant sir2� allele were mated, and fetuses were harvested at daily intervals after embryonic day 9.5. The fetal membranes were used to isolate
DNA for genotyping, and the corresponding embryo was fixed. The genotypes were present in the expected ratios, and there was no evident
downward trend in the proportion of the sir2� null genotype. The sir2� null embryos were usually smaller than their littermates. This size difference
was evident as early as embryonic day 12.5. Two of the sir2� null embryos had exencephaly, as indicated with the arrow in panel B. Bars, 0.5 cm.
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animals. For this experiment, we used a previously described
transgenic strain of mice that carry eight copies of a transgene
consisting of the regulatory sequences of the mouse Pgk-1 gene
driving the Escherichia coli lacZ reporter sequence (32). This
Pgk-1,2–lacZ transgene is expressed in all tissues investigated
and encodes a fusion protein with �-galactosidase activity.

The Pgk-1,2–lacZ transgene remains active provided it is

inherited through the male germ line; however, if this trans-
gene is inherited through the female germ line, its expres-
sion is irreversibly abolished (26). We interbred female mice
carrying the sir2� null allele with male animals carrying the
active Pgk-1,2–lacZ transgene. Animals heterozygous for the
sir2� null allele were mated with each other so that the
Pgk-1,2–lacZ gene was inherited from either the male or the

FIG. 6. Postnatal sir2� null animals are developmentally abnormal. sir2� null animals on the outbred background often survived past weaning
but were characterized by a number of common developmental defects. Null animals were smaller than their littermates (both wild type and
heterozygotes), and all null animals failed to open one or both eyelids. The snout of sir2� null animals was often shorter than normal. The
photographs show sir2� null animals of various ages along with their normal littermates.
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female parent. Embryos were harvested at 9.5 days of ges-
tation, each embryo was fixed and stained for �-galactosi-
dase expression, and the fetal membranes of each embryo
were used to isolate DNA, from which the genotype of each
embryo was determined.

Embryos who inherited their Pgk-1,2–lacZ transgene from
the male parent expressed �-galactosidase as determined by
the 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal)
staining of these embryos (Fig. 8D). Embryos that inherited
their Pgk-1,2–lacZ transgene from the female parent are ex-
pected to inherit this transgene in an inactive form. It is evident
that the embryos shown in Fig. 8A, numbers 1, 8, and 9, have
inherited the Pgk-1,2–lacZ transgene along with at least one
wild-type copy of sir2�. As expected, these embryos failed to
express the transgene, as indicated by the absence of X-Gal
staining. The embryos labeled 4 and 7 also inherited the Pgk-

1,2–lacZ transgene, but these two embryos were also sir2� null.
Because neither embryo 4 nor 7 was stained with X-Gal, we
conclude that the absence of SIR2� did not result in compro-
mised repression of the silent Pgk-1,2–lacZ transgene.

Some embryos from these matings were allowed to develop
to term, and the pups were allowed to mature. The internal
tissues from these animals were analyzed for �-galactosidase

activity. The results were similar to those seen in the embryos;
sir2� null animals that had inherited the Pgk-1,2–lacZ trans-
gene from their mothers did not express it, while the sir2� null
animals that inherited the Pgk-1,2–lacZ transgene from their
fathers did show staining with X-Gal in their internal tissues.
Thus, the sir2� null animals did not express the silenced trans-
genes or modulate the expression of active transgenes.

The yeast Sir2p also plays a role in determining the rate at
which yeast mother cells undergo senescence (20). Work with
Caenorhabditis elegans also suggests that the sir2 homologue in
worms may also play a similar role in regulating aging (46).
Because many of the sir2� null animals died before weaning,
one possibility is that they are aging prematurely. To investi-
gate this possibility, we compared the lengths of the telomeres
in both B and T lymphocytes from wild-type and sir2� null
littermates with animals of 4 months of age on the outbred
CD1 background. The mean telomere lengths in these cells
were identical (Fig. 9). In addition, the chromosomes from the
cells appeared normal, consistent with the absence of telomere
erosion that might be predicted to occur if the sir2� null ani-
mals underwent premature aging. Our oldest sir2� null animals
are now 17 months old.

sir2� expression is widespread, but the protein is associated

with euchromatin. To attempt to understand the phenotype of
the sir2� null mice, we investigated the normal expression
pattern of the sir2� gene by probing Northern blots of RNA
isolated from various tissues. The sir2� transcript was readily
detected in all tissues investigated (Fig. 10) and was particu-
larly evident in the testis and ovary.

The polyclonal rabbit antibody that recognizes the murine
SIR2� protein (McBurney et al., unpublished data) was used
for immunoblots of protein isolated from various murine tis-
sues and to carry out immunofluorescence studies on these
tissues. Despite the prevalence of the sir2� transcript in adult
mouse tissues, we were able to detect protein only in the testis
and ovary (see below).

We had noted previously that the SIR2� protein is expressed
in abundance in embryonal carcinoma and embryonic stem
cells (McBurney et al., unpublished data), so we carried out
immunofluorescence experiments in early embryonic cells. The
SIR2� protein was present and easily detected in zygotes,
two-cell embryos (Fig. 11), and cells of the blastocyst. At all
stages, the distribution of the SIR2� protein was nuclear, but
it was not concentrated in those regions of the nucleus thought
to contain heterochromatin and identified by intense staining
with DNA intercalating dyes such as Hoechst 33258. SIR2�

also appeared to be excluded from the nucleolus. There was no
staining with this antibody in cells from embryos that were
sir2� null (data not shown), consistent with the prediction that
no stable protein could be made from the knockout allele.

In the ovary, the SIR2� protein was evident in large oocytes
as well as in proliferating granulosa cells in larger follicles (Fig.
12). Within both cell types, the SIR2 protein was nuclear and
the intranuclear distribution was similar to that seen in early
embryonic cells; the protein was nuclear but appeared to be
associated with the euchromatin rather than the heterochro-
matin.

In the testis, the SIR2� protein was present in the nuclei of
spermatogenic cells only (Fig. 13). In the developmental se-
quence of germ cells, a weak, finely speckled nuclear staining

FIG. 7. Some sir2� null animals thrive on the outbred genetic back-
ground. sir2� null animals (F) and their wild-type littermates (E) were
weighed at weekly intervals. During the early postnatal development
period, sir2� null animals were uniformly smaller than their litter-
mates, but many of the null animals gained weight and eventually
reached sizes commensurate with those of their littermates.
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FIG. 8. sir2� null embryos do not reactivate expression of silent transgenes. Female mice carrying the sir2� null mutation were intercrossed with
male mice carrying the Pgk-1,2–lacZ transgene, and animals heterozygous for the sir2� null mutation were mated so that the transgene was
inherited from either the male parent, where it remains active, or the female parent, where it becomes inactivated (26). Embryos were harvested
at day 9.5 of gestation, the membranes were used to isolate DNA for genotyping, and the fetus was fixed and stained with X-Gal. The upper three
panels show a litter in which the Pgk-1,2–lacZ transgene was inherited through the female germ line, during which it is inactivated. Embryos 1, 8,
and 9 inherited the transgene along with at least one wild-type sir2� allele. As expected, none was stained with X-Gal, indicating that the transgene
had been inactivated. Embryos 4 and 7 inherited the transgene along with two sir2� null alleles. Neither embryo was stained with X-Gal, indicating
that the absence of SIR2� in these embryos did not reactivate expression from the silenced transgene. The embryos in the lower three panels were
derived from a cross in which the Pgk-1,2–lacZ transgene was inherited from the male parent. In this case, the transgene remained active, and the
fetuses that inherited the transgene (lanes 2, 3, 4, and 6) were stained with X-Gal.

VOL. 23, 2003 sir2� KNOCKOUT MICE 45



was observed in type A spermatogonia, while type B and in-
termediate spermatogonia displayed a slightly more intense
nuclear staining with coarser positive spots. Spermatocytes and
round spermatids were intensely positive with diffusely speck-
led nuclear staining. Soon after the spermatids began to elon-
gate (step 9), the nuclear staining decreased to only a few spots
and by step 11 was lost altogether. This staining pattern iden-
tifies the nuclear localization of the SIR2 protein in late sper-
matogonia, spermatocytes, and round spermatids, with the
main expression in pachytene spermatocytes. There was no
staining of Sertoli cells or of peritubular cells. Due to inherent
autofluorescence, the staining of Leydig cells could not be
assessed.

sir2� knockout mice are sterile. Although many sir2� null
mice died before reaching maturity, some of those on the
outbred background did survive, and these mature animals
were caged with wild-type animals of the opposite sex. Both
male and female sir2� null animals were sterile. Eleven sir2�

null male animals were caged with wild-type females for up to
6 months (mean, 4 months), and none has sired a single litter
despite evidence of copulation plugs in a number of the female
mates. Seven sir2� null female animals were caged with wild-
type males for up to 7 months (mean, 3.5 months). Only one of
these females was fertile. She produced three litters but failed
to suckle her offspring. However, some of these pups were

fostered to another mother, with whom they were able to
suckle and thrive and develop into fertile males and females.

The female reproductive tract in sir2� null animals was char-
acterized by small ovaries in which the corpora lutea were
conspicuously absent and the uterus was thin walled. Micro-
scopic examination indicated that early, intermediate, and late
stages of follicle development were present, but the absence of
the corpus luteum indicated that ovulation did not occur. We
examined the vaginal washes from two sir2� null females and
two wild-type females maintained for 18 days in cages previ-
ously occupied by males. The wild-type females cycled through
estrus every 4 to 6 days, but the sir2� null animals appeared to
be arrested in diestrus. To determine if the absence of an
estrous cycle was the cause of the infertility, we injected two
sir2� null and two wild-type animals with hormones (5 IU of
pregnant mare serum gonadotropin followed 46 h later with 5
IU of human choriogonadotropin) to induce ovulation. The
next day, ovulated eggs were present in the oviducts of both
sir2� null animals (16 and 19 eggs) as well as in both wild-type
animals (29 and 35 eggs). This is consistent with the idea that
female sterility in the sir2� null animals is due to hormonal
inadequacy.

Analysis of spermatozoa from the cauda epididymis of wild-
type and sir2� null mice showed striking differences in number,
appearance, and motility. Wild-type mice had sperm counts of

FIG. 9. Telomeres do not erode prematurely in sir2� null mice. Splenocytes from sir2� null (panels A and B) and wild-type (panels C and D)
mice were stimulated with concanavalin A (panels A and C) or lipopolysaccharide (panels B and D) to activate T and B lymphocytes, respectively.
Chromosome spreads were stained for telomeres by fluorescence in situ hybridization with a peptide nucleic acid telomere probe (53). DNA was
counterstained with 4�,6�-diamidino-2-phenylindole. Quantitation of telomere content per cell was done by flow cytometry. The values on the right
represent total telomere lengths in kilobase pairs per cell along with the standard error.
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48.8 � 106 � 12.4 � 106, whereas the sir2� null animals had
dramatically reduced numbers of mature sperm, with average
counts of 2.6 � 106 � 3.6 � 106 (data from three animals of
each genotype). Virtually none of the sperm from the sir2� null
mice were motile. Wild-type spermatozoa cell bodies had a
consistent shape with a characteristic hook (Fig. 14a). In con-
trast, the majority of the sperm of the sir2� null mice were
abnormal, with small, rounded, or smudged cell bodies and
blunted or absent hooks (Fig. 14b). In addition, many of the
sperm from sir2� null mice had retained cytoplasm around the
nucleus, and many of the flagella appeared very fine and had
no cell body attached.

The male reproductive tract of sir2 null animals was charac-
terized by organs significantly smaller than those of the wild-
type littermates. All testes from sir2� null mice were subnor-
mal in weight (wild type, 0.087 � 0.013 g, n 	 3; sir2 null, 0.056
� 0.011 g, n 	 3). Flow cytometry of testicular cells stained for
DNA content indicated that all stages of spermatogenesis were
present (Fig. 15), but a histological inspection indicated that
the spermatogenesis occurring in the testes of sir2� null mice
was abnormal. In the least affected testis, only subtle evidence
of abnormal spermatogenesis was apparent, manifested as an
increased incidence of spermatocyte apoptosis, occasional
multinucleated germ cells, decreased numbers of mature elon-
gated spermatids, and increased numbers of retained elon-
gated spermatids.

In the most affected testis, many seminiferous tubules
showed an obvious depletion of the normal complement of
spermatocytes, round spermatids, and elongated spermatids,
while the spermatogonia and the supportive cells, Sertoli cells,
Leydig cells, and peritubular cells, were present in normal
numbers (Fig. 16a and b). In addition to the obvious depletion
of differentiating germ cells, abnormalities included an in-
creased number and size of vacuoles within the seminiferous
epithelium, an increased incidence of apoptotic spermatocytes
and spermatids, retention of highly condensed spermatids, and

FIG. 10. SIR2� expression is widespread throughout adult tissues.
RNA was isolated from a variety of tissues from wild-type mice and
subjected to electrophoresis, blotting, and hybridization to cDNA
probes specific for sir2� (upper panel) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH, lower panel). The sir2� transcript was
detected in all tissues examined and was particularly abundant in the
testis and ovary.

FIG. 11. SIR2� protein is expressed at high level in two-cell em-
bryos. Wild-type two-cell embryos were recovered from the oviducts
24 h following mating. The zona pellucida was removed, and the
embryos were fixed and stained with antibody to SIR2� (panel A) and
with Hoechst 33258 (panel B). Vertical stacks of images were captured
and subsequently deconvolved. Panel C shows the merged image. Note
that the SIR2� protein is exclusively nuclear and that it appears to be
excluded from regions of heterchromatin, as identified by intense
DNA stain. SIR2� appears to have been excluded from the two polar
bodies.
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FIG. 12. SIR2� is present at high level in proliferating granulosa cells. Ovaries from wild-type mice were sectioned and stained with antibody
to SIR2� (panel A) and with Hoechst 33258 (panel B). The merged image is shown in panel C. The box in panel C was used to deconvolve the
image, and the result is shown in panels D to F. Note that the SIR2� protein is nuclear but appears to be excluded from the nucleolus and those
regions of the nucleus that stain intensely with Hoechst dye.
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morphologically abnormal round spermatids (Fig. 16b, c, d,
and e). The round spermatid abnormalities consisted of the
sharing of acrosomes (Fig. 16c) and larger-than-normal cells in
the stages right after meiosis (Fig. 16d).

It has been proposed that p53 is a substrate for the mam-
malian SIR2� deacetylase activity, that p53 activity is depen-
dent on acetylation, and that p53 function is normally modu-
lated by SIR2� deacetylation (25, 29, 50). Apoptosis in the
testis is dependent on p53 (4, 8, 52), and therefore the elevated
frequency of apoptotic cells might be a consequence of the
absence of SIR2� in the testes of sir2� null animals. We also
predicted that the testes of the sir2� null mice might be hy-
persensitive to radiation. Wild-type and sir2� null mice were
irradiated with 3 Gy and sacrificed 12 h later, and seminiferous
tubules were examined for their incidence of apoptosis. X-ir-
radiation increased the frequency of apoptotic cells in the

testes of both wild-type and sir2� null mice (Fig. 17). However,
testes from the the sir2� null mice did not appear to be hyper-
sensitive to the radiation.

DISCUSSION

Mammals maintain large proportions of their genomes in a
transcriptionally silent state in each cell. If SIR2� were re-
quired for the maintenance of gene silencing, we would expect
that the sir2� null animals would die very early during embry-
ogenesis as a consequence of ectopic expression of genes nor-
mally maintained in an inactive state. The relatively mild phe-
notype of these null animals suggests that the SIR2� protein is
not involved in the global silencing of genes in the mammalian
genome, and this was partly confirmed by the normally regu-
lated expression of a number of individual genes assessed both

FIG. 13. SIR2� is expressed at high level during spermatogenesis. Frozen sections of testis from wild-type mice were stained with polyclonal
antibody to SIR2� (panel A) and with Hoechst 33258 to stain DNA (panel B). In the two seminiferous tubules shown, it is evident that the somatic
cells of the tubules do not stain for SIR2� (arrows in panel A), while the immature spermatogenic cells stain to various extents before losing SIR2�
expression in the elongate spermatocyte stage (panel A, right tubule). Bar, 50 �m.
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FIG. 14. sir2� null mice have abnormal sperm morphology. Spermatozoa from the cauda epididymis were spread on a slide and stained with
Dif-Quick stain. (a) Wild-type spermatozoa have a consistent nuclear shape with a characteristic hook. In contrast, the spermatozoa of sir2� null
mice (b) had small, rounded, or smudged nuclear shapes. Some had a blunted (arrowhead) or absent hook. The flagella were also variable in shape,
and many were no longer attached to sperm heads. Bar, 20 �m.
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on Northern blots and in microarray assays. We directly tested
the role of SIR2� in maintaining the inactivity of a silent
transgene and found that the lack of expression of the trans-
gene was not influenced by the sir2� genotype. Additional
studies with sir2� null ES cells also indicated that these cells
were not compromised in their ability to establish or maintain
genes in their inactive state (McBurney et al., unpublished data).

Immunolocalization of the SIR2� protein to the euchroma-
tin of mammalian cells is also consistent with the idea that this

protein plays a role different from that of the yeast Sir2p. The

Drosophila homologue of SIR2 is also associated with active

genes and euchromatin (48), although it appears to be required

for the downregulation of certain genes (40). The yeast Sir2p is

not localized only to inactive regions of the genome such as the

telomere; it is also found in multiprotein complexes that can be

isolated as large stable assemblages (15). The Drosophila

SIR2p is not found in a large complex but can be isolated in

native conditions in a 200-kDa fraction, perhaps as a dimer (6).

The mouse SIR2� protein runs on gel filtration columns at

about 160 kDa, a size consistent with its being a dimer and not

a member of a large multiprotein complex (McBurney et al.,

unpublished data).

The yeast Sir2p is part of a complex of proteins that associ-
ates with chromatin in regions that are maintained transcrip-
tionally inert. The histone deacetylase activity of Sir2p is es-
sential for the proper function of these protein complexes, and
the substrate is thought to be the N termini of core histones. In
mammals, a large number of nuclear proteins in addition to
histones are acetylated (44), and in the cases of some impor-
tant nuclear proteins such as retinoblastoma (11) and p53 (38,
51), it is thought that acetylation plays a role in regulating the
function of these transcription regulators. In fact, there is ev-
idence from transfection experiments suggesting that p53 is a
substrate for SIR2� and that deacetylation of p53 downregu-
lates its transactivation function (25, 29, 50). If SIR2� were
part of the network regulating p53 activity, one might predict
that the sir2� null mice would have hyperactive p53. Our find-
ing that the testes of sir2� null mice have high spontaneous
levels of apoptosis is consistent with this idea.

The reproductive viability of yeast mother cells is regulated

by Sir2p (20), and the prolongation of cell viability brought
about by caloric restriction is dependent on the presence of
Sir2p (27). This effect of Sir2p is thought to be due to its ability
to suppress recombination between tandem copies of the ribo-
somal genes, as aging mother cells show loss of ribosomal
DNA, presumed to be due to recombinational excision from
the genome (20). In S. cerevisiae, extra copies of the sir2 gene
extend the life span of yeast mother cells. In C. elegans, an
extra copy of the sir2 gene also resulted in extended life spans
(46), but the evidence from this organism suggests that this
effect of Sir2p acts via a mechanism unrelated to gene silencing
or suppression of recombination. It appears that in C. elegans,
Sir2p is part of the insulin-like growth factor signaling pathway,
and the hyperactivity of this pathway forestalls normal aging.

The involvement of Sir2p in growth factor signaling in C.

elegans might be an important clue to the role of SIR2� in
mammalian cells. The phenotype of the sir2� null mice that we
described above is strikingly similar to the phenotypes of mice
bearing null alleles of IGF-1, IGF-2, and IGF-2R (1, 5, 12, 28,
37). The shared phenotypes include infertility, retarded growth
rates, reduced survival to adulthood, reduced adult weight, and
slowed rates of bone mineralization. The levels of expression
of IGF-2 and IGF-2R are the same in wild-type and sir2� null
animals (unpublished results), consistent with the genetic re-
sults from C. elegans that indicate that Sir2p is downstream of
the growth factor in the pathway. The phenocopy of null alleles
does not necessarily imply that SIR2� is in the IGF signaling
pathway; for example, mice null for the activin �B gene also
have reproductive and eyelid opening defects, similar to the
sir2� null mice (49).

The reproductive defects in the two sexes are nicely corre-
lated with the fact that gonads from the two sexes are the only
adult tissues expressing detectable amounts of the SIR2� pro-
tein. However, the defects in the two sexes seem to be caused
by different SIR2�-mediated effects. In females, oocytes ap-
pear to mature normally but fail to be ovulated. Female ani-
mals do not appear to cycle efficiently through estrus, perhaps
indicating a hormonal defect. Granulosa cells are important
sources of and responders to the hormones responsible for
ovulation, and granulosa cells normally express high levels of
the SIR2� protein. It is perhaps pertinent that IGF signaling
occurs in granulosa cells (21, 34), and the hypothesized role of
SIR2� in this pathway may be responsible for the defect in
ovulation.

Infertility in male sir2� null animals appears to be due to
inefficient spermatogenesis and the failure of sperm to mature
properly. SIR2� is expressed in all stages of sperm develop-
ment and disappears only during the late stages of nuclear
condensation. However, it is these late stages that appear to be
particularly defective, perhaps indicating that the spermato-
genesis defect is in part mediated by a systemic problem. This
is consistent with the observation that most of the sex organs
are smaller in sir2� null animals than in their wild-type litter-
mates.

The early postnatal lethality of sir2� null animals is difficult
to reconcile with the observation that the SIR2� protein seems
to be abundantly expressed only during early development and
becomes undetectable in somatic tissues from midgestation on.
It is possible that the SIR2� protein is expressed in mature
somatic tissues at levels below the limit of detection of our

FIG. 15. DNA content distribution of testes from sir2� null mice
indicates that all stages of spermatogenesis are present. Single-cell
suspensions were created from the testes of 7-month-old wild-type
(upper panel) and sir2� null (lower panel) animals. Cells were fixed
and stained with 4�,6�-diamidino-2-phenylindole before analysis by
flow cytometry for DNA content per cell. The peaks corresponding to
1n, 2n, and 4n genomes are shown. Mature sperm stained less effi-
ciently than expected and formed the broad peak at the left of the
pattern. Replicating cells have a DNA content between 2n and 4n.
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FIG. 16. Spermatogenesis is abnormal in sir2� null mice. Testes from both wild-type (a) and sir2 null (b to e) mice were examined for
histopathological abnormalities. At low power, the seminiferous tubules in the wild-type mouse appeared almost uniform in size, while those of
the sir2� null mice varied in size and contained large vacuoles in the basal epithelium (arrows). At higher power, significant abnormalities were
seen in the testes from sir2� null mice: acrosomal sharing in round spermatids (arrow, c); distorted residual bodies (arrowhead, c); larger-than-
normal round spermatids (arrows, d); abnormal retained elongated spermatids (c, asterisks); and numerous vacuolated spaces (asterisks, e).
Sections were stained with periodic acid Schiff-hematoxylin. Bars: 100 �m (a and b); 50 �m (c to e).
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antibody or that its expression is tightly regulated at the post-
transcriptional level (the sir2� mRNA is readily detected in all
somatic tissues tested). Alternatively, the absence of SIR2�

during early embryogenesis may set in motion events whose
legacy is not felt until much later during development. Were
the SIR2� protein involved in the IGF signaling pathway, one
might envisage how its absence might contribute to unbalanced
tissue growth during early embryogenesis and subsequent fail-
ure of those tissues at later developmental times.
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