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Modulation of mammalian life span
by the short isotorm of p53
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Overexpression of the short isoform of p53 (p44) has unexpectedly uncovered a role for p53 in the regulation
of size and life span in the mouse. Hyperactivation of the insulin-like growth factor (IGF) signaling axis by
p44 sets in motion a kinase cascade that clamps potentially unimpeded growth through p21Cipl. This
suggests that pathways of gene activity known to regulate longevity in lower organisms are linked in
mammals via p53 to mechanisms for controlling cell proliferation. Thus, appropriate expression of the short
and long p53 isoforms might maintain a balance between tumor suppression and tissue regeneration, a major

requisite for long mammalian life span.
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Powerful genetic experiments carried out in Caenorhab-
ditis elegans over the past decade have very clearly
shown that longevity is linked to cascades of gene ac-
tivity that transduce insulin-like signals. Components
of the insulin/insulin-like growth factor (IGF) signal-
ing pathways were recently found to affect life span in
the mouse as well. Whereas the life span of lower or-
ganisms such as C. elegans and Drosophila is short,
mammals live a relatively long time, and cellular pro-
liferation, which ceases in somatic tissues in adult
Drosophila and C. elegans, must remain active in mam-
mals so that dead or damaged cells that accumulate with
time can be replaced. The obvious advantage that the
ability of tissues to undergo regeneration confers on lon-
gevity is counterbalanced by the need for an additional
level of control that can put limits on the activity of
proliferating cell populations in organisms that live a
long time.

We have focused on p53 as a likely candidate to inte-
grate insulin/IGF and proliferation signals in the control
of mammalian life span. Although a p53-like protein has
been identified in C. elegans (CEP-1; Derry et al. 2001)
and in Drosophila melanogaster (Dmp53; Jin et al. 2000;
Ollmann et al. 2000), both of these p53 proteins lack
regions with significant homology to the N-terminal do-
main of mammalian full-length p53. The function of this
domain is to alter gene transcription at a number of dif-
ferent targets, some of which are directly involved in
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cell-cycle control and can cause proliferation arrest (for
review, see Zhao et al. 2000). Thus, the p53 homologs in
lower organisms more closely resemble a short form of
p53 (DeltaN-p53) that was recently identified in mam-
malian cell lines and in normal cells from several differ-
ent tissues (Courtois et al. 2002; Yin et al. 2002). In cells
in which this short form is the only p53 protein present,
the ability to transactivate target genes such as Mdm?2
and p21/Cip1/Waf1 is lost (Courtois et al. 2002) and,
along with it, the ability of p53 to control cellular pro-
liferation and growth (Mowat et al. 1985). In the absence
of full-length p53, DeltaN-p53 is tumorigenic (Mowat et
al. 1985), whereas in the presence of full-length p53, it is
growth-suppressive (Rovinski and Benchimol 1988; Lav-
igueur et al. 1989). The fact that this would have no
functional consequences in the postmitotic cells of adult
C. elegans and Drosophila suggests that the short form
of p53 might represent the primitive form of the p53
protein.

In order to determine the mechanism by which the
short form of p53 might control growth, in particular
mammalian growth, we generated transgenic mice in
which a genomic fragment coding for the short form of
p53 (Lavigueur et al. 1989) is expressed in the context of
full-length p53. Translation of the short isoform initiates
at codon 41 in exon 4 and produces a 44-kD protein
(Rovinski et al. 1987). Overexpression of p44 upsets the
balance that normally exists between the full-length and
short forms of p53 and leads to a phenotype of growth
suppression and premature aging in mice. Growth sup-
pression by p44 links small size, proliferation deficits,
cellular senescence, and organismal aging to abnormal
IGF signaling in the mouse.
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Results

Shortened health and life spans

We microinjected the genomic fragment encoding p44 (a
gift from Alan Bernstein, CIHR; Lavigueur et al. 1989)
and were able to generate two transgenic lines (P and Q)
in which the p44 transgene was stably propagated (see
Materials and Methods for details). Beginning as early as
4 mo of age, p44 homozygotes in both transgenic lines
showed signs of aging. As shown by the survival curve
presented in Figure 1A, whereas 85% and 95% of non-
transgenic (ICR) males and females, respectively, were
still alive at 60 wk of age, 0% of male P+/+ and only 30%
of female P+/+ mice were alive at that time. Although
both males and females exhibited shortened reproduc-
tive health spans, males were more severely affected,
becoming infertile as early as 5 mo of age (Fig. 1B). Loss
of fertility was accompanied by a catastrophic loss of
sperm-producing cells in the testis, with massive degen-
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Figure 1. Accelerated aging in p44 transgenic mice. (A) De-
creased life span. Survival data are presented for nontransgenic
(NT; red) and p44 homozygous transgenic (blue) mice. Males,
squares; females, circles. The 50% survival mark was 24 mo for
wild-type mice and 8 mo for p44 homozygous mice. (B) Prema-
ture loss of fertility. Shortened reproductive period in male p44
transgenic mice. First fertile age for individual mice is indicated
by light blue triangles, and last fertile age by black dots. Onset
of fertility is normal, but the loss of reproductive capacity before
1 yr of age is premature in males. (C) Testicular degeneration.
Histology of the testes of p44 transgenic and NT animals at 9.5
mo of age. H&E-stained sections. Note the widespread degen-
eration of the seminiferous epithelium and tubule atrophy in
P+/+ testis compared to P+ and NT, which are normal.

p53/p44 in aging

eration of the seminiferous epithelium leading to a “Ser-
toli-cell only” phenotype in many tubules (Fig. 1C).

Mice overexpressing p44 also showed signs of aging in
bone at relatively young ages. As illustrated by the x-rays
of siblings shown in Figure 2A at 5 mo of age, both male
and female homozygotes already exhibit lordokyphosis.
Total body bone mineral density (excluding the skull)
was significantly reduced in P+/+ mice compared to con-
trols (Fig. 2B, upper left) as early as 4 mo of age. Bone
mineral density at the distal femur (Fig. 2B, upper right)
and proximal tibia (data not shown) was also signifi-
cantly reduced in P+/+ mice compared to control. Histo-
morphometric analysis of H&E-stained sections from
the femur (Fig. 2B, lower left), and tibia and lumbar spine
(data not shown) of P+/+ mice revealed significant reduc-
tion in trabecular bone volume (TBV) compared to non-
transgenic mice at all sites measured. Bone trabeculae
were found to be much longer and thicker in nontrans-
genic mice (Fig. 2C, left) than in P+/+ mice (Fig. 2C,
right). Reduced TBV was associated with a similar reduc-
tion in the osteoblast number at the femur in P+/+ mice
(Fig. 2B, lower right). Osteoclast numbers were slightly,
but not significantly, lower in the P+/+ mice compared
to nontransgenic controls (data not shown). The data are
consistent with a low bone turnover process in p44 mice,
the typical form of osteoporosis associated with aging in
humans. As sex steroid deficiency causes a high-turn-
over osteoporosis characterized by increased osteoclast
bone destruction (Bellido et al. 1995; Erben et al. 2000),
the osteoporotic phenotype is not due to hypogonadism
associated with testicular degeneration of the type
shown in Figure 1C above.

p44 protein levels and interaction with p53

Using a polyclonal anti-p53 antiserum (CMS5), both p53
and p44 can be detected on Western blots of protein from
the thymus of mice in both the P and Q lines of p44
transgenic mice and in nontransgenic (ICR) mice (Fig.
3A; only relevant bands shown). The transgene gives rise
to a protein that migrates as a 44-kD band on Western
blots. These blots are informative in several other re-
spects as well. First, they show the relative levels of p44
in the P and Q lines. Second, they show that an immu-
noreactive band that comigrates with p44 in transgenic
tissue is present in nontransgenic tissue. In addition to
thymus shown in Figure 3A, we have seen this band in
several tissues from nontransgenic mice, including tes-
tis and heart (data not shown). In addition, using an
RNAse protection assay that can distinguish between
p53 and p44 transcripts, a band corresponding to the pro-
tected p44 fragment can be detected in tissue extracts
from nontransgenic as well as transgenic mice, although
at a very low level (Fig. 3B). The expression of both RNA
and protein in nontransgenic (normal) tissue supports
the idea that p44 is a naturally occurring isoform of p53.
Comparable levels of the short form of p53 were reported
in human cell lines (Courtois et al. 2002; Yin et al. 2002).
In addition, Western blot results indicate that the level
of p44 in P homozygotes is twice that of P hemizygous
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Figure 2. Accelerated bone aging in p44 trans-
genic mice. (A) Skeletal changes. X-rays of three
siblings from the Q line at 5 mo of age. Genotypes
and sexes as indicated; ?, female; &, male. Homo-
zygous transgenic mice of both sexes show pro- C
nounced lordokyphosis even at this early age. (B)
Changes in density and cell number. Bone mineral
density (BMD; upper panel), trabecular bone vol-
ume (TBV) and osteoblast number (N.Ob/BS;
Iower panel) in the NT and p44+/+ transgenic
mice. p44+/+ mice have lower BMD in total bone
and femur (upper panel). Bone histomorphometry
data of the femur showed a significant reduction
both in TBV and osteoblast number in the p44+/+
mice compared to NT (lower panel). (C) Trabecu-
lar bone changes. Upper panel: A representative
histological section of the NT and P44+/+ femurs,
stained with H&E (original magnification, 100x).
Bone trabeculae are much longer and thicker in
NT mice (left) compared to P44+/+ mice (right).
Lower panel: Bone trabeculae (in white) in binary
images of the same histological sections showing
more trabecular area in nontransgenic (left) com-

pared to p44+/+ mice. ‘

mice, which is approximately the same as in nontrans-
genic (NT) mice (Fig. 3A). Together, these results with
human cell lines and NT mice support our contention
that the p44 phenotype is based on a stoichiometrically
relevant increase in the level of p44 protein.

Mice in both lines were smaller than their NT litter-
mates, but otherwise normal in appearance. As shown in
Figure 3C, fully mature homozygous mice in line P were
approximately half-sized compared to hemizygous or NT
littermates. This is consistent with earlier findings in
both cell culture experiments and in animals that p44 is
growth-suppressive (Rovinski and Benchimol 1988; Lav-
igueur et al. 1989; Courtois et al. 2002). As p44 was
shown to suppress growth only in the presence of full-
length p53, we wanted to verify that the small size of p44
homozygous mice also required the presence of full-
length p53. To do this genetically, we generated p44
transgenic mice on a p53 null background. In the absence
of p53, p44 had no significant effect on overall size or on
the size of internal organs (Fig. 3D). In all, we generated
28 p44 transgenics on a p53 null background, and they
were all normal-sized. We also observed that these ani-
mals were prone to develop tumors at the same rate as
p53 null animals, in contrast to animals in both p44
lines, which have a very low incidence of tumors (data
not shown). Thus, the rescue of the p44 phenotype with
respect to size extends to tumor susceptibility as well.
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This demonstrates that the growth-suppressive effect of
p44 at both the cellular and organismal levels requires
p53.

Slower growth rates

To understand the basis of the reduced size of p44 ho-
mozygous mice, we compared the postnatal growth rates
of individuals with each possible genotype. The progeny
of p44 intercrosses were weighed each day from birth to
weaning and at weekly intervals thereafter. Homozygous
p44 pups (Fig. 4A, blue symbols) had a reduced body
mass relative to hemizygotes (green symbols) and NTs
(red symbols) at all postnatal stages, and attained a final
size of 50% of normal or less. Postnatal growth is prima-
rily dependent on growth hormone (GH), and defects in
GH or its receptor cause growth retardation in both hu-
mans and mice (Rosenfeld et al. 1994; Guevara-Aguirre
et al. 1997; Lupu et al. 2001). To determine whether
growth retardation in p44 homozygous mice was due to
a defect in GH, we treated p44 and NT animals with
recombinant rat GH once daily for 6 wk, beginning at 5
wk of age. A pharmacological dose was chosen to address
the question of whether the phenotype was due to re-
duced pituitary GH secretion. In the wild-type this dose
would be expected to replace the endogenous GH, which
it would suppress, and thus would not result in an in-
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crease in body mass. There was no difference in the
growth curves of animals of either genotype given GH
and those given vehicle alone (Fig. 4B).

To determine whether prenatal growth rates of p44
homozygotes were also slower than normal, we com-
pared the sizes of individual embryos resulting from in-
tercrosses of hemizygous transgenic mice at successive
times during embryogenesis. Small embryos were found
at all stages tested, as shown in Figure 4C for a litter of
embryos at E17.5. At each time point, embryos were
weighed, then genotyped, and the results used to calcu-
late the rates at which animals with each genotype grew
(Fig. 4D). Homozygous p44 embryos were smaller at all
postimplantation stages, during both the earlier period of
organogenesis (E6.5 to E9.5, data not shown) and later
fetal growth stages (E10.5-E19, Fig. 4D). Although hemi-
zygotes and NT embryos grew at the same rate (green
and red curves), homozygotes grew at a slower rate (blue
curve). Thus, p44 affects size by slowing down the rates
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Figure 3. Overexpression of the short iso-
form of p53 in p44 transgenic mice. (A) p44
protein in transgenic and NT mice. Western
blots of 100 pg thymus protein extracted from
transgenic (P,Q) and NT (NT) tissues. The
anti-p53 polyclonal antiserum CM5 detects
both isoforms of p53, as indicated. Biotinyl-
ated markers were run alongside the tissue
extracts during SDS-PAGE; the marker corre-
sponding to 45 kD is shown. (B) p44 and p53
RNA in transgenic and NT mice. RNAse pro-
tection assay was used to detect both p53
(220-bp protected fragment) and p44 (140-bp
protected fragment) RNA. Simultaneous hy-
bridization to a probe that detects cyclophilin
(Cyc) was used to control for assay conditions.
Lu, lung; Li, liver; K, kidney; T, testis; M,
marker RNA bands. (C) Effect of p44 on body
size. Size of NT (top), hemizygous (middle),
and homozygous (bottom) P mice at 3 mo of
age. Organ weights of representative hemizy-
gous (black bars) and homozygous (stippled
bars) transgenic mice are plotted as a per-
centage of NT weights. Transgenic animals
were generated on a p53+/+ background. (D)
Genetic interaction of p44 and p53. Non-
transgenic (top), hemizygous (middle), and
homozygous (bottom) P mice generated on a
p53-/- background. Organ weights of repre-
sentative hemizygous (black bars) and homo-
zygous (stippled bars) transgenic mice are
plotted as a percentage of p53-/- weights.
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at which the homozygous animal grows both pre- and
postnatally.

Aberrant IGF signaling

The combination of altered size and life span strongly
implicated faulty signaling through the IGF pathway as
the basis of the p44 homozygous phenotype. Although
GH failed to rescue postnatal size deficits (Fig. 4B), it was
still formally possible that circulating levels of IGF-1,
which serve as an index of the effect of GH on postnatal
growth, were abnormally low. However, as shown in Fig-
ure 5A, serum IGF-1 levels were actually found to be
somewhat elevated in older p44+/+ animals. IGF-1 recep-
tor levels were also found to be elevated in tissues that
continue to proliferate throughout life (testis and
spleen), but not in a tissue that contains mostly postmi-
totic cells (brain) in older P+/+ mice. In younger mice,
there appear to be no differences in IGF-1 receptor (IGF-
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Figure 4. Growth impairment during post- and prenatal development. (A) Postnatal growth. Hemizygous p44 mice were intercrossed
to produce animals of each possible genotype. Black circles, genotype unknown; blue diamonds, homozygote; green triangles, hemi-
zygote; red cross, NT. Each symbol represents an individual animal. The pups were weighed daily until weaning, and weekly
thereafter. (B) Effect of rGH on postnatal growth. GH treatment was started at week 3 of the study, as indicated by the boxed arrow,
and continued for 6 wk. Animals were weighed each day and injected s.c. with either 100 ng/g body weight recombinant growth
hormone (rGH) or vehicle. Light blue diamonds, P+/+-GH; dark blue diamonds, P+/+-vehicle; yellow triangles, P+-GH; green triangles,
P+-vehicle; pink circles, NT=GH; red circles, NT-vehicle. P+/+, homozygous transgenic; P+, hemizygous transgenic; NT, non-trans-
genic. (C) Size variation between sibling embryos. Individual size variation at E17.5 in the progeny resulting from a single intercross
of p44 hemizygous parents. (D) Prenatal growth. Embryo weight vs. age during the period of fetal growth for individual homozygotes
(blue diamonds), hemizygotes (green triangles), and NT embryos (red crosses) resulting from p44 hemizygous intercrosses. Regression
curves and their associated coefficients of determination (r?) are superimposed on the data and follow the same color scheme.

1R) levels. To show that it is p44 that is directly respon- PTEN, which included increased phosphorylated PTEN
sible for the elevated IGF-1R levels, we transfected NT as well as a decrease in the total amount of PTEN (Fig.
mouse embryonic fibroblasts (MEFs) with increasing 6A; Vazquez et al. 2001). This alteration in PTEN in
amounts of p44 DNA and measured the IGF-1R level. As MEFs from p44 homozygous embryos is significant, be-
shown in Figure 5C, even the smallest dose of p44 (0.2 cause we also observed greatly decreased PTEN levels in
ug) resulted in a higher protein level of the receptor com- several tissues from adult p44 homozygous mice, as
pared to mock-transfected cells. Furthermore, the key shown in Figure 6C. In testes from both of two young
molecular event in IGF-1R signaling—phosphorylation adult male mice and in thymi from two of three old
of Akt/PKB—also responded to p44 in a dose-dependent (13-21-mo-o0ld) female mice, there was no PTEN detect-
way (Fig. 5C). Western blot analysis demonstrated that able.
the levels of the IGF-1R and of activated Akt were also As various molecular mechanisms might be respon-
several-fold higher in cells derived from P+/+ embryos sible for these changes in IGF signaling, we performed
than from cells derived from NT (wild-type) E12.5 em- experiments at the RNA level to determine the effect of
bryos (Fig. 6A; compare the lanes marked “rhIGF-1"). p44 on trans-activation and trans-suppression functions
To begin to understand how this might affect intracel- of p53. The results are presented in Figure 6D,E. Using
lular IGF signaling pathways, we analyzed several criti- cells from two different p44 homozygous embryos (1 and
cal downstream steps in signal transduction. Compared 13), we found that p44 has both positive and negative
to wild type, embryonic cells derived from p44 homozy- effects on transcription-regulating functions of p53 de-
gous embryos displayed an exaggerated forkhead re- pending on the specific target gene. In p44 homozygous
sponse, which is evident as an increase in the level of cells, luciferase reporter genes driven by the p21/Cip1/
phosphorylated FKHR (Tang et al. 1999); increased Serl5 Waf1 promoter and the P2 promoter of the Mdm2 gene
phosphorylation; and thus activation of full-length p53 (which is activated only by p53) were more active than in
(Gu et al. 2000), and significantly reduced levels of active NT cells (Fig. 6D). In addition, transfection of NT cells
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Figure 5. p44 effects on IGF and its receptor. (A) Serum levels
of IGF-1: Serum was prepared from retro-orbital cavity blood
and subjected to competitive enzyme immunoassay to deter-
mine circulating levels of IGF in younger (<3 mo of age) and
older (>3 mo of age) mice. Each blue or green symbol represents
an individual animal. Blue diamonds, P+/+; green triangles, P+.
The mean for each group is indicated by a red circle. (B) IGF-1
receptor expression in tissues. Western blots of 30 pg tissue
extracts from young (2-4 mo) or old (9-11 mo) NT or p44 ho-
mozygous (P+/+) mice were probed with an antibody against the
IGF-1 receptor (IGF-1R). Shown are representative samples of
testis, brain, and spleen, with the genotypes and ages of each
animal indicated above the lane with the corresponding protein
extract. (C) IGF-1 receptor expression in response to increasing
dose of p44 DNA. Mouse embryonic cells derived from NT mice
were transfected with 0-1.6 ng pE44-1 plasmid DNA and grown
for 24 h in 1% FCS. Cells were then switched to 0% for 3 h and
treated for 15 min with thIGF-1 or left untreated. Protein ex-
tracts (30 ng) were subjected to SDS-PAGE, and Western blots
were probed with antibodies against the IGF-1R and phospho-
Akt (Serd73). Cytoplasmic actin was used as a loading control.

with increasing doses of p44 DNA demonstrated that
p44 could have both suppressive and potentiating effects
on reporter gene activity, with the lowest dose actually
lowering Mdm2-luciferase activity and the higher doses
increasing it (Fig. 6D, right panel). Next, we examined
Northern blots of RNA extracted from p44 homozygous
or NT MEFs for the expression of a number of p53 target
genes. These results confirmed that both Mdm2 and
p21Cipl were increased in p44 MEFs, and identified
IGFBP-3 as another p53 target gene whose expression is
potentiated in the presence of p44 (Fig. 6E, left panel).
However, Gadd45, another p53 target, was inhibited in
its response to IGF-1 in both p44 homozygous embryo-
derived cell populations compared to NT MEFs (Fig. 6E,
right panel). MEFs derived from individual p44 homozy-
gous embryos consistently fell into two classes that were
either more or less different from nontransgenic MEFs,
as illustrated here by the MEFs from P+/+ (1) and (13),
respectively. As each litter of embryos produces approxi-
mately equal numbers of more or less affected fibro-
blasts, and as male adult animals are consistently more
severely affected than females, we suspect that this is
due to a pervasive sexual dimorphism in the p44 pheno-

type.

p53/p44 in aging

Trans-suppression was also affected by p44. The 11-kb
transcript representing the full-length IGF-1 receptor
was higher in the p44+/+ cells in the absence of IGF,
which parallels what we found at the protein level. Fur-
thermore, the addition of IGF resulted in loss of trans-
suppression in wild-type cells, but had no effect on
p44+/+ cells (the three lanes marked “30’ IGF”), again
supporting the idea that p44 interferes with normal p53
activity. Finally, the major 5.5-kb transcript of PTEN
appears to be little affected by p44. Collectively, these
results demonstrate that p44 overexpression has both
dominant and dominant-negative effects on the function
of full-length p53. To determine which effects were due
to a loss of p53 function, we analyzed IGF signaling in
MEFs derived from E12.5 embryos lacking p53 (p53-/-)
and compared the levels of individual protein compo-
nents to the levels seen in p44+/+ cells. As shown in
Figure 6B, loss of p53 was associated with increased IGF-
1R, hyperactivated Akt, and a reduced level of PTEN.
However, in contrast to overexpression of p44, loss of
p53 expression resulted in a diminished FKHR response
and a decrease rather than increase in the inactivated
form of PTEN. Together with the RNA expression data,
these results clearly demonstrate that removing the N-
terminal domain of the p53 protein does not have a
simple loss- or gain-of-function effect on p53 activity.
Increased trans-activation of p21, Mdm2, and IGFBP-3
demonstrate enhancement of p53 function as a conse-
quence of p44 overexpression, whereas the effects on
Gadd45 and IGF-1R reveal diminished p53 function. The
possibility of generating tetramers in which anywhere
from one to all four p53 monomers are replaced by a p53
isoform in which only one of several important func-
tional domains of the p53 protein is missing, undoubt-
edly contributes to this complexity.

Reduced cellular proliferation with increased
cellular senescence

As IGF signaling can affect both cell size and cell number
in lower organisms, we performed experiments to deter-
mine the underlying basis of the size deficits in p44 ho-
mozygous mice. We tested two alternate hypotheses that
could account for the growth suppression caused by p44
on a p53(+/+) background: an inability of cells to grow
(gain in mass) or to proliferate (increase in number). To
determine if deficits in cell growth account for the small
size of p44 homozygotes, we compared the sizes of cells
in the testis, liver, and spleen from animals with one,
two, or no copies of the p44 transgene. First, we mea-
sured the relative size (forward scatter, FSC) of spleno-
cytes by cytofluorometry. Splenocytes of all three geno-
types were similar in size when analyzed either as total
splenocytes or as selected subpopulations (Fig. 7A).
Next, we counted cells in histological sections of testis
and liver from animals of different genotypes and found
no difference in the relative masses of spermatocytes
(Fig. 7B) or cells in the liver (Fig. 7C). Thus, the small size
of p44 homozygous animals does not appear to be due to
smaller-sized cells.
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stream targets, including Akt (Ph-Akt), forkhead
(Ph-FKHR), and p53 itself (Ph-p53). PTEN is af-
fected at both the total protein and phosphory-
lated protein levels. Total Akt levels were used
as a loading control. (B) Effect of p53 null back-
ground on IGF-1 signaling. Same conditions as
above, but with cells derived from p53-/- em-
bryos. Compared to wild-type (NT), the level of
phosphorylated Akt is higher in p53 null cells
when IGF was added to the culture medium,
which is similar to what was observed in p44
cells. In contrast, there was no hyperactivation of
FKHR, which is actually lower in p53 null cells
than in wild-type cells. (C) Expression of PTEN
in tissues. Protein extracts (30 pg) from testis or E
thymus of individual mice were subjected to
SDS-PAGE and Western blots probed with anti-
PTEN or -GAPDH antibodies. GAPDH was used
as a loading control. Ages and genotypes are in-
dicated above each lane. The thymus extracts
were all from females. (D) Luciferase reporter as-
says of p53 trans-activation function. Cells were
transfected with the p21Cipl-luciferase reporter
(p21Cipl) or Mdm2(P2)-luciferase [Mdm2(P2)| re-
porters and assayed for luciferase activity after 24
h in medium containing 1% FCS. MEFs from two
different P+/+ embryos (labeled 1 and 13) or from
NT embryos (labeled ICR) were used. In the right
panel, only NT MEFs were used, and were trans-
fected with increasing amounts of p44 DNA, as
described in the Figure 5C legend. The resultant
levels of p53/p44 in this experiment were as-
sayed by Western blot and are shown in Figure
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5C (uppermost panel). (E) Northern analysis of p53 target gene expression. Cells were grown in the absence of IGF-1 (No IGF), in the
presence of IGF-1 during the last 30 min of culture (30" IGF), or for 3 h with IGF-1 (3h IGF). Total RNA (9 pg) was subjected to
denaturing gel electrophoresis, blotted, and hybridized to radioactive cDNA probes. Left panel: Targets demonstrating increased
expression with overexpression of p44. Right panel: Targets demonstrating compromised p53 function with overexpression of p44.
Rehybridization with a probe for B-actin (bottom) was used to control for any loading differences.

We next examined the proliferative capacity of cells
derived from embryos of the same three genotypes and
cultured at successive passages in vitro (Fig. 7D). Cells
derived from hemizygous or NT embryos demonstrated
a striking ability to undergo a burst of proliferation at P1
in vitro, after which the number of cells produced in
each culture declined with successive passages. In con-
trast, cells from p44 homozygous embryos failed to un-
dergo this proliferative burst at any passage, and instead
produced about four cell doublings per passage irrespec-
tive of the age of the culture. This difference in cell num-
ber was not due to a higher rate of cell death in homo-
zygous cells, as the fraction of dead cells in the total was
the same for all genotypes (data not shown).

To understand the molecular nature of the prolifera-
tive defect in p44 homozygous cells, we analyzed the
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expression of components of a MAP kinase cascade that
is known to be capable of overriding proliferative signals
mediated by Akt in growth factor-stimulated cells (for
review, see Roovers and Assoian 2000). The target of that
cascade, ERK, has been shown to exert differential ef-
fects on cell-cycle progression via p21Cipl depending on
the amplitude and duration of the signal from the recep-
tor. In fibroblasts, sustained ERK activation leads to in-
duction of p21 (Woods et al. 1997) and G1 cell-cycle ar-
rest (Meloche et al. 1992). The results of our analysis are
shown in Figure 8A for NT (ICR) MEFs and MEFs from
two different P+/+ embryos, P+/+ (1) and P+/+ (13), grown
in the presence or absence of the MEK inhibitor UO126.
The signal is transduced as a cascade of phosphorylation
events on Ras, Raf, MEK, and finally, ERK, and blocking
with UO126 stops the signal before ERK is activated. In
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Figure 7. p44 effects on cell size and cell
number. (A) Lymphocytes. Relative sizes of
gated subpopulations of a total of 20,000
spleen cells determined in forward scatter

mode by FACS. Histograms of cell counts in

populations of activated lymphocytes (top),
large granulated cells (middle), and immature
lymphocytes (bottom) are color-coded by
genotype: red, NT splenocytes; green, hemi-
zygous splenocytes; blue, homozygous sple-
nocytes. (B) Testis. Relative mass of sper-
matocytes at 3 wk of age, as determined by
image analysis. See Materials and Methods
for details. (C) Liver. Relative area of cells
from adult liver, as determined by image
analysis. See Materials and Methods for de-
tails. (D) Embryonic cell proliferation. Assays

were performed at successive passages with
cells derived from E12.5-14 embryos. Shown
is a plot of average cell counts over the 10-d
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period for cultures derived from NT (red),
hemizygous (green), and homozygous (blue)
embryos at PO, P1, P2, and P3. PO were pri-
mary cells that had not been cultured for any
length of time prior to the assay. Shown is
one set of assays; identical results were ob-
tained with cells from at least two different
embryos of each genotype. Hemizygous cells
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the absence of UO126, the pathway is active, as evi-
denced by the phosphorylated state of ERK, which we
detected using the pTEpY antibody (a gift from Tom
Sturgill, Univ. of Virginia). In both P+/+ MEFs, but not in
wild-type MEFs, this is accompanied by expression of
p21Cipl. When the pathway is blocked, as evidenced by
the absence of ERK phosphorylation, there is no p21Cipl
detectable. These results are consistent with a model in
which sustained IGF-1R activation in p44 homozygous
cells leads to sustained ERK activation, p21 induction,
and cell-cycle arrest. We cannot completely exclude the
possibility that MAP kinases other than MEK1/2 are in-
volved in the observed p21 upregulation by p44 and
might be similarly inhibited by UO126. Activated
p38MAPK, for example, can stabilize p53 by phosphory-
lation of Serl5 (Bulavin et al. 1999) and thereby lead to
trans-activation of the p21/Cipl/Wafl gene by p53.
However, MEK inhibitors have so far only been shown to
lead to increased p38MAPK activation by kinase cross-
talk (Xiao et al. 2002). We would therefore rather expect
an increase in, rather than loss of, p21 expression after
U0126 block of MEK1/2. The complete abrogation of p21
seen in our experiments, in fact, argues against a direct
involvement of p38MAPK.

To determine whether blockade of MEK by UO126
could reverse the proliferation defect, cells were labeled
with BrdU for a short time before fixation. With UO126
applied continuously in the medium for 72 h, many
more P+/+ cells were found to be synthesizing DNA than
when the MEK-inhibitor was absent, as evidenced by the

|234567HS10

Days after piating

consistently proliferated at a higher rate than
NT cells at P1. See the discussion of the
IGF-R in the text for an explanation.

increased BrdU-associated fluorescence in the +U0126
panel (Fig. 8B). Furthermore, blocking the MAP kinase
pathway in presenescent cells also resulted in many
fewer senescent cells after 72 h compared to cultures
grown in the absence of UO126, as determined by senes-
cence-activated B-gal assay (Dimri et al. 1995) on P2 cells
(Fig. 8C). This is evidenced by a decrease in the number
of blue-stained cells in the panel marked +UO126 in Fig-
ure 8C. These results strongly suggest that proliferation
is clamped by the cell-cycle inhibitor, p21Cipl, and can
return to more normal levels when the pathway that
activates p21 expression is turned off.

Discussion

Life span manipulations in the nematode C. elegans
have shown that loss-of-function mutations in genes
that code for insulin/IGF signaling proteins, such as in-
sulin/IGF-R (daf-2), PI3K (age-1), and Akt/PKB (akt; for
review, see Guarente and Kenyon 2000) significantly
prolong life span and fertility. In Drosophila melanogas-
ter, some allelic combinations of the INS/IGF-R produce
flies with extended life span (Clancy et al. 2001; Tatar et
al. 2001). The Ames and Snell GH-deficient mice have
significantly longer life spans and exhibit significant de-
lays in biological senescence compared to wild-type
mice (Flurkey et al. 2001), and recent studies show that
reduced levels of the IGF-1 (Holzenberger et al. 2003) and
insulin (Bluher et al. 2003) receptors also significantly
increase life span in the mouse. Thus, the IGF axis is
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Figure 8. Effect of ERK activation on pro- (2] i lt. Q 3. E.

liferation and senescence. (A) Ras-Raf-MEK-
ERK effects in MEFs. Western blots of pro-
tein extracts (30 pg) from cells grown in the
absence (-) or presence (+) of UO126, a phar-
macological blocker of the ERK kinases,
MEK1/2. ICR, cells from NT embryo; P+/+
(1) and P+/+ (13), cells from two different
p44 homozygous embryos. (B) Recovery of
proliferation in p44 homozygous MEFs by
pharmacological blockade of ERK. Cells
were grown for 48 h in 10 mM UO126 and
pulsed for 1 h with BrdU. After fixation,
cells were stained with antibody G3G4
against BrdU (green, top panels) to identify
nuclei synthesizing DNA and with DAPI
(blue, bottom panels) to identify all cell nu-
clei. Original magnification, 40x. Images
were captured digitally and manipulated us-
ing Adobe Photoshop, v.7. (C) Reduced cel-
lular senescence in p44 homozygous MEFs
by pharmacological blockade of ERK. Cells
were subjected to SA-B-gal assay following
culture in the absence or presence of
UO126, as described above.

p21Cip1 -

linked to longevity in animals representing vast evolu-
tionary distances, up to and including mammals.

We have unexpectedly uncovered a role for the short
isoform of p53 in the regulation of the IGF axis in the
mouse. Overexpression of the short form of p53 and dis-
ruption of the normal ratio of p44 to p53 have effects on
both size and life span that can be linked to changes in
the intracellular signaling cascades initiated by IGF. As
depicted in Figure 9, p53 exerts control over IGF signal-
ing at several key points. First and foremost, p53 controls
the level of the IGF-1 receptor (Werner et al. 1996). Sec-
ondly, p53 controls both the level and activity of the dual
lipid-protein-phosphatase, PTEN (Schuster et al. 2001;
Stambolic et al. 2001). PTEN modulates the IGF signal
transduced to Akt, mainly through dephosphorylation of
phosphatidyl-inositol triphosphate (Fig. 9A). The level of
PTEN is controlled by direct trans-activation of the
PTEN promoter by p53 (Stambolic et al. 2001). Although
trans-activation of PTEN is enhanced only slightly by
the presence of p44 (see Fig. 6E above), the level of the
protein actually goes down in MEFs (Fig. 6A) and in tis-
sues from p44+/+ mice (Fig. 6C). In addition to this ap-
parent protein instability, phosphorylation at the site
modified by casein kinase II (CKII; Torres and Pulido
2001; Vazquez et al. 2001; Miller et al. 2002) is dramati-
cally increased (Fig. 6A). Collectively, these results can
be interpreted as interference by p44 with protein-pro-
tein interactions between full-length p53 and CKII,
which are known to be inhibitory (Schuster et al. 2001),
rather than with protein-DNA interactions during as-
sembly of the trans-activation complex on the PTEN
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promoter. Increased phosphorylation of PTEN by CKII
leads not only to its inactivation, but also to its stabili-
zation, which seems to be responsible for the apparent
accumulation of phospho-PTEN and loss of degradation-
sensitive PTEN in cells of p44 mice. Because phosphory-
lation blocks its recruitment into complexes at the cell
membrane and inhibits its phosphatase activity
(Vazquez et al. 2001), p44 interference effectively results
in functional inactivation of PTEN.

Control of the IGF axis by p53 is exerted at the earliest
steps in the cascade, modulating effectors of both growth
and proliferation further downstream. Although we have
not identified the exact mechanism by which the Ras-
Raf-MEK-ERK pathway switches from one promoting
proliferation to one inducing cell-cycle arrest (Fig. 9B),
we have shown that blocking this pathway pharmaco-
logically can prevent replicative senescence and/or re-
store the ability of presenescent cells to proliferate. Phar-
macological reversal of replicative senescence by block-
ing the expression of p21Cipl is similar to a result with
presenescent human fibroblasts in which senescence
could be reversed in cells expressing p21, but not in cells
expressing pl6 (Beausejour et al. 2003). This strengthens
our argument that hyperactivation of the IGF signaling
pathway plays a causal role in the phenotype of p44
transgenic mice by setting in motion a “fail-safe” path-
way to clamp downstream pathways that would other-
wise lead to uninhibited growth. This also helps to re-
solve the paradox of small size with hyperactivity of an
axis that otherwise would be expected to enhance
growth. The outcome of affecting a major pathway that
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Figure 9. A model for the regulation of IGF signaling by p53.
(A) Hierarchy of IGF control in normal cells. Major phosphory-
lation events that occur upon ligand binding are indicated by
the “P”s circled in yellow and are connected by green arrows.
The pathway bifurcates at Akt/PKB into an FKHR-dependent
proliferation branch (right) and a TOR/S6 kinase-dependent
anabolic branch (left). p53 exerts several layers of control over
the first steps of the cascade (solid red arrows), but also has a
fail-safe mechanism of control via p21 late in the cascade (dot-
ted red arrow). (B) Disruption of IGF control by p44. The inter-
action of p44 with p53 results in permanent activation of the
IGF-R, simultaneously triggering growth via the IGF pathway
(green arrows) and cell-cycle arrest via Ras (blue arrows).

p21Cipl

controls both growth and proliferation is perhaps best
illustrated by contrasting the phenotype of p44 mice in
which p53 function is disturbed with mice in which pro-
liferation alone is affected. Hypomorphic alleles of Myc
cause comparable reductions in overall size (Trumpp et
al. 2001), but have no effect on longevity (Andreas
Trumpp, pers. comm.).

Our results confirm results reported last year that p53
status affects mammalian aging (Tyner et al. 2002). Be-
cause the mice described in that report carry a large ge-
nomic deletion that encompasses substantial sequence
upstream of the p53 locus in addition to the p53 gene
itself, however, the link between p53 and premature ag-

p53/p44 in aging

ing could not be made with certainty. Our results utiliz-
ing a very precisely mapped 3-kb deletion that removed
exon 2 and the flanking intron sequences on either side
firmly identify p53 as the cause of the early-aging phe-
notype. Translation of this mutant p53 gene initiates at
the ATG codon in exon 4 (Met41; Rovinski et al. 1987)
and produces a 44-kD protein. This is the same internal
initiation codon that produces the short form of p53
from the endogenous human p53 locus, as reported by
Courtois et al. (2002) and Yin et al. (2002). Where our
data disagree with those reports, however, is that we find
evidence that, at least in the mouse, the protein is en-
coded by its own RNA transcript, leaving open the
possibility of a mechanism in addition to alternative
translation that can generate the shorter protein product
(Yin et al. 2002). In mice with one mutant p53 allele
coding for a truncated gene product and one intact al-
lele, cells lose the ability to regenerate aging or damaged
tissue (Tyner et al. 2002). Mice carrying additional copies
of the entire p53 locus exhibit normal growth and ag-
ing (Garcia-Cao et al. 2002), which together suggest that
the ratio of short to long forms of p53 must be preserved
in order for p53 to function normally. As even a slight
increase in the level of p44 boosts the level of p53
(Fig. 5C), one consequence of upsetting the normal
p44:p53 ratio is an increase in the overall activity of p53.
We have limited ourselves to defining the consequences
of this imbalance on IGF signaling; presumably there
are also consequences on other pathways on which p53
impinges.

The need for both p44 and p53 for full expression of the
phenotype described in this paper suggests that the short
and long forms of p53 act in concert. As reported by
Courtois et al. (2002), the short form of p53 co-immuno-
precipitated with the full-length form of p53 in human
cell lines, clearly demonstrating protein-protein interac-
tion between them. As the oligomerization domain is
present in both isoforms, the most likely explanation at
the molecular level is that they form heterotetramers.
The participation of p44 in heterotetramers with p53
would tend to stabilize the overall structure, because the
lack of an Mdm2-binding domain would mean that
Mdm2 cannot shuttle p44 to the proteasome for degra-
dation, as is clear from the much longer half-life of p44
compared to p53 (>9.5 h vs. 2 h; Rovinski et al. 1987).
The relative contribution of p44 to these tetramers could
potentially alter functional p53 status in more than one
way, and even in opposite directions. This could explain,
for example, why some p53 targets are hyperactivated by
p44 (p21Cipl, Mdm2, IGFBP-3) whereas at other targets
p44 interferes with p53 activity (Gadd45 and IGF-1R). It
could also resolve the apparent discrepancy between sup-
pression of trans-activation by DeltaNp53 in transfected
cells, as reported by Courtois et al. (2001), and enhance-
ment of trans-activation by p44 reported in this paper.
Experiments with DeltaNp53 were performed either in
the absence of full-length p53 or in a vast excess of the
short form of p53, and thus are equivalent to our results
in animals when the p44 transgene was crossed onto a
p53 null background.
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Our work identifies one major molecular pathway that
is affected by alteration in p53 status, the pathway acti-
vated by IGF-1. The significance of this finding is that it
provides a mechanism by which the same pathway that
governs life span in lower organisms can govern mam-
malian life span. It also provides a molecular link be-
tween the daf (INS/IGF) pathway that modulates life
span in C. elegans, and the activity of Sir2, a gene shown
to mediate life-span extension by caloric restriction in
yeast (Lin et al. 2000). Sir2 is a protein deacetylase whose
activity is dependent on the energy status of a cell. In
addition to its histone deacetylase activity, the mamma-
lian homolog of the yeast Sir2 gene [Sir2a in mouse (Imai
et al. 2000) and SIRT1 in human (Frye 1999)] can regulate
the activity of p53 (Luo et al. 2001; Vaziri et al. 2001).
This should render p53 activity in mammalian cells—
including transcriptional control of genes in the IGF sig-
naling pathway—responsive to the same cues that
modulate longevity in yeast. By positioning p53 function
between these two longevity determinants (IGF signal-
ing and Sir2), mammalian cells can remain mitotically
active and contribute to long life span without growing
out of control and killing the organism.

Materials and methods

Production of transgenic mice

The transgene was microinjected into pronuclear-stage B6SJL
embryos by standard procedures. To generate p44 mice on an
ICR background, the original B6SJL transgenics were bred for at
least four generations with ICR mice, then intercrossed to pro-
duce homozygotes. To generate p44 mice on a p53 null back-
ground, p44 (ICR) homozygotes were crossed to C57Bl1/6 p53(-/
-) mice (Taconic).

Bone mineral density measurement

Bone mineral density (BMD) measurements were performed on
the dissected bones using the small-animal densitometer PIXI-
mus II (Faxitron X-Ray). Measurements were conducted on the
total body bones, as well as on separate femora, tibiae, and lum-
bar spines using the image analysis software provided by the
system. A region of interest (ROI) was generated in the second-
ary spongiosa of the above-mentioned bones. The BMD (g/cm?2)
is defined as the integral mass of bone mineral per unit of pro-
jected area.

Bone histology and histomorphometry

After fixation in 10% neutral buffered formalin, all four limbs
and spine were decalcified, processed, and embedded in paraffin.
Longitudinal midsagittal sections 7 pm in thickness from the
tibia, femur, and lumbar spines were cut, stained with hema-
toxylin and eosin (H&E), and prepared for histomorphometric
analysis. Images for all the tissues were captured and analyzed
using Metamorph software (Universal Imaging) and viewed on a
Leica DM LB compound microscope outfitted with a Q-Imaging
Micropublisher Cooled CCD color digital camera. Trabecular
bone volume (TBV), defined as bone volume/tissue volume %
(BV/TV %), was assessed on the secondary spongiosa of the
proximal tibia, distal femur, and lumbar spine at 50x magnifi-
cation on H&E-stained sections. Both osteoblast and osteoclast
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numbers were assessed on the same section at 200x magnifica-
tion and expressed as number of cells/mm bone surface (N.Ob/
BS; /mm) and (N.Oc¢/BS;/mm), respectively. Nomenclature and
symbols of histomorphometric parameters used are as described
by Parfitt et al. (1987).

Histology

Tissues were fixed in Bouin’s solution, embedded in paraffin,
and sectioned. Following routine H&E staining, sections were
viewed on a Zeiss Axiophot light microscope outfitted with a
SONY DSC-S75 digital camera with an 8.93-mm color CCD
image device and 3x zoom lens (Zeiss). Images were prepared
using Adobe Photoshop v.7 (Adobe Systems).

Survival curves

Survival data on p44 transgenic mice were obtained from our
own colony. The NT data were provided by Harlan Sprague
Dawley. The background strain of both the transgenic mice and
the NT mice is Hsd:ICR(CD-1).

RNase protection assay

The probe is a 251-bp Styl fragment spanning exons 2-4 from
pp53-176 (a gift from Dr. Greg Matlashewski, McGill Univer-
sity, Montreal, QC, Canada) that was cloned into pGEM-5Zf(+)
(Promega). To prepare the probe, the p44/p53 riboprobe plasmid
was linearized with Spel and transcribed using SP6 RNA poly-
merase in the presence of 32P-UTP (800 Ci/mmole; ICN). The
probe was gel-purified and eluted overnight in 0.5 M NH,OAc/1
mM EDTA/0.2% SDS. To perform the assay, 2.5-10 ng total
RNA was hybridized overnight with 2 x 10° cpm p44/p53 ribo-
probe and 1 x 10° cpm cyclophilin riboprobe (Ambion) at 50°C
in 80% formamide/40 mM PIPES buffer/0.4 M NaCl/1 mM
EDTA. The following day, the hybridization reactions were di-
gested with a solution of RNase A/RNase T1 for 1 h at 30°C,
precipitated, and resuspended in gel loading buffer (95% for-
mamide/0.025% each xylene cyanol and bromophenol blue/0.5
mM EDTA/and 0.025% SDS). The samples were electropho-
resed through a 6% polyacrylamide/8 M urea gel, which was
then dried and subjected to autoradiography. The probe spans
the deleted exon 2 in p44 and protects fragments of 140 and 220
bases of p44 and p53, respectively.

GH rescue

Male and female p44 and NT mice were weighed daily and
treated with 100 pL saline or 100 pL of 100 ng/g body weight
recombinant rat growth hormone (kindly provided by Gene-
tech). Volume was kept constant at 100 uL with saline. Mice
were injected subcutaneously over the shoulder area once daily
beginning at 10:00 am for 35 d. They were killed at the end of
the 35-d treatment period. Blood was collected for serum, and
tissues were collected and placed immediately in liquid nitro-
gen, then stored at -80°C.

Serum IGF-1 assay

Mouse serum samples were assayed for IGF-1 levels using a Rat
IGF-1 kit from Diagnostic Systems Laboratories according to
insert instructions and reagents provided. Mouse IGF-1 and rat
IGF-1 differ by only one amino acid and are highly cross-reactive
in this assay. This enzyme immunoassay uses the competitive
enzyme immunoassay format. Standard, controls, and un-
knowns containing IGF-1 are incubated with biotin-labeled rat
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IGF-1 and goat anti-rat IGF-1 antiserum in microtiter wells
coated with rabbit anti-goat gamma-globulins. Biotin-labeled
antigens and unlabeled antigens compete for a limited number
of anti-rat IGF-1 binding sites. After incubation and washing,
the wells are incubated with streptavidin-horseradish peroxi-
dase (HRPO), which binds to the biotinylated rat IGF-1. The
unbound HRPO is washed and followed by incubation with
substrate tetramethylbenzidine (TMB). An acidic stopping so-
lution is added to stop the reaction, and the degree of enzymatic
turnover was measured using a Phenix GENios at wavelength
450 nm. Data were analyzed using nonlinear least-squared fit-
ting to a binding competition model using Graph Pad Prism.

Western blots

Protein extracts were prepared with RIPA lysis buffer (150 mM
NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris,
pH 8.0) or with NP-40 lysis buffer (150 mM NaCl, 1% NP-40, 50
mM Tris, pH 8.0) from cells routinely grown in DMEM/10%
fetal calf serum (FCS). On the day before harvest, cells were
switched to 1% FCS in DMEM and grown for an additional 18
h, then switched to 0% FCS for 3 h. Following serum starvation,
the cells were treated with thIGF-1 (10 nM in DMEM,; rhIGF-1
Lot # 01 was obtained through NHPP, NIDDK from Dr. Parlow)
for 15 min or 3 h and harvested immediately afterwards. To
inhibit MEK activity, UO126 (Promega) was added 30 min be-
fore addition of IGF-1 and maintained in cultures at a final
concentration of 10 uM. Western blots were generated using
standard procedures. Antibodies used were: CM5 (Novocastra
Laboratories/Vector Labs) to detect total p53 and #9284 (Cell
Signalling Technology) against phospho-p53(Serl5); SC713
(Santa Cruz Biotechnology) against the IGF-R; #9551 against
phospho-PTEN(Ser380) and #9556 (both Cell Signalling Tech-
nology) to detect total PTEN; #9271 against phospho-Akt-
(Ser473) and # 9272 (both Cell Signalling Technology) to detect
total Akt/PKB; #9461 (Ser256) and #9464 (Thr24) against phos-
pho-FKHR, and #9462 (all Cell Signalling Technology) to detect
total FKHR; 691001 (JCN) against cytoplasmic actin, and Sc-
6246 (Santa Cruz Biotechnology) against p21/Cipl. Antigen-an-
tibody complexes were further reacted with HRP-conjugated
secondary antibodies (Jackson Immuno-Research Laboratories)
and detected by chemiluminescence (SuperSignal Pico reagent,
Pierce). Signals were quantified by laser densitometry on a Mo-
lecular Dynamics instrument running ImageQuant software.
The blots were stripped and re-reacted with an anti-actin or
anti-GAPDH antibody to normalize the signals.

Transfections

Lipofectamine reagent (Invitrogen) was used to transfect embry-
onic fibroblasts according to the manufacturer’s recommenda-
tions.

Luciferase assays

Cells were plated, transfected, and assayed in triplicates for each
different condition. After overnight transfection, cells were
starved for 24 h in medium containing 1% FCS. Luciferase ac-
tivity was detected using the Dual Luciferase Reporter Assay
System (Promega).

Northern blots

RNA extraction using TRI-Reagent (Molecular Research Prod-
ucts), Northern blotting, and hybridizations were performed as
described (Cronin et al. 2001).

p53/p44 in aging

Cell size determination

Testis and liver Testes from prepubertal mice of each geno-
type were fixed in Bouin’s fixative, embedded in paraffin, and
sectioned. For counting, the sections were stained with H&E
and imaged on a Zeiss Axiophot microscope equipped with a
Sony DSC-S75 3.3 megapixel CCD camera. The images were
printed onto paper, and individual tubule cross-sections were
cut out of the paper and weighed. This controlled for the varying
dimensions of the tubules and thus was a more precise way of
comparing cell size between animals of different genotypes than
would have been allowed by a simple cells-per-tubule basis. To
simplify the method even further, we used testes from 3-wk-old
mice. At this time, the seminiferous epithelium is undergoing
the first wave of spermatogenesis, and all tubules are at approxi-
mately the same stage of differentiation. We counted only the
large, round primary spermatocytes, and determined their mass
relative to the mass of their paper image. The only other stage
present at this time consists of small cells at the periphery of
the seminiferous epithelium, which represent the beginning of
the next wave of spermatogenesis and were not counted. We
used a similar technique to determine the relative size of cells
in the liver. Equivalent sections of liver parenchyma were
stained with DAPI to label cell nuclei, and images were pre-
pared in which the entire field was filled with uniformly stained
cells. The number of nuclei in the entire field was taken as the
number of cells per fixed area of tissue for each of the genotypes
of p44 transgenic and NT adult animals.

Spleen Single-cell suspensions were obtained by disrupting
the spleen in a glass homogenizer in Dulbecco minimal essen-
tial medium (DMEM, Gibco) containing 10% FCS. Red blood
cells were lysed by hypertonic shock using a 150 mM ammo-
nium chloride lysis buffer (8.29 g ammonium chloride, 1 g po-
tassium bicarbonate, and 37 mg EDTA in 1000 mL H,O) for 5
min. Cells were washed three times in Dulbecco phosphate-
buffered saline (DMEM, Gibco) and analyzed using a FACSCali-
bur flow cytometer (Becton Dickinson). The acquired data of
20,000 cells per sample were analyzed using CellQuest v3.1
analysis software (Becton Dickinson).

Proliferation assays of embryonic cells in vitro

Embryos from timed pregnant females were collected at E12.5—
E14, minced, and incubated in a collagenase solution (2 mg/mL
collagenase B and 2 U/mL DNase in RPMI 1640) for 1 h at 37°C.
The heads were saved for genotyping. The embryos were tritu-
rated and incubated for an additional 1 h at 37°C. The cells were
collected into a centrifuge tube, spun at 1000 rpm for 5 min, and
the medium was poured off. The cells were washed and spun
again, and then plated in DMEM/10% FCS. The cells were
grown overnight, and the next day they were frozen in 90%
serum/10% DMSO as PO, and plated for the PO assay. Ten du-
plicate wells containing 5x10* cells each of homozygous, hemi-
zygous, and NT embryonic cells were plated on day 0. On each
of 10 successive days, the cells were harvested and counted in a
hemacytometer, and the duplicates averaged. For later passages,
cells were carefully monitored and passaged on the first day the
plate was seen to be confluent. In this way, the cells were never
allowed to overgrow or undergrow the plate, so that the growth
characteristics of cells in later passages reflect the growth char-
acteristics they would have had if allowed to grow continuously
in unlimited space. Each assay was carried out as described
for PO.
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To determine the rate of cell death associated with each geno-
type, we harvested cells in duplicate wells every 2 d and stained
them with the Live/Dead kit from Molecular Probes. The live
(green) and dead (red) cells were counted in a hemocytometer on
a fluorescence microscope, and the ratio of dead:live was calcu-
lated for each genotype.

Senescence-associated-B-galactosidase
assay and BrdU incorporation

Senescent mouse embryo fibroblasts (MEFs) were identified by
their ability to stain positively for acidic B-galactosidase (pH 6),
as described by Dimri et al. (1995). After a second passage (P2),
explanted cells were plated at 3x10° in 60-mm dishes, grown to
~70% confluency, and stained in SA-associated-f-galactosidase
staining solution overnight at 37°C. For prevention or reversion
of replicative senescence, MEFs were passaged twice and plated
each time at 10° cells/100-mm petri dish and grown to 70%
confluency. Presenescent cells (<10% of the culture showing
DNA synthesis monitored by BrdU incorporation) were cul-
tured for 48 h in 10 pM U0126 (with daily medium exchange).
Cells were pulsed for 1 h with BrdU at 5 pg/mL medium before
fixation in 2% formaldehyde + 0.2% glutaraldehyde (for simul-
taneous assays for replicative senescence and BrdU incorpora-
tion). Cells were fixed with 4% paraformaldehyde when assayed
only for BrdU incorporation. BrdU was detected by the mono-
clonal antibody G3G4 (developed by Stephen J. Kaufman and
obtained from the Developmental Studies Hybridoma Bank un-
der the auspices of the NICHD and maintained by the Univer-
sity of Iowa, Department of Biological Sciences).
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