MOLECULAR AND CELLULAR BIOLOGY, Mar. 2000, p. 2023-2030
0270-7306/00/$04.00+0

Vol. 20, No. 6

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

The pS3 Tumor Suppressor Protein Does Not Regulate Expression of

Its Own Inhibitor, MDM?2, Except under Conditions of Stress

SUSAN M. MENDRYSA ano MARY ELLEN PERRY*

Department of Oncology, McArdle Laboratory for Cancer Research, University of
Wisconsin Medical School, Madison, Wisconsin 53706

Received 21 October 1999/Returned for modification 29 November 1999/Accepted 22 December 1999

MDM2 is an important regulator of the p5S3 tumor suppressor protein. MDM?2 inhibits p53 by binding to it,
physically blocking its ability to transactivate gene expression, and stimulating its degradation. In cultured
cells, mdm2 expression can be regulated by p53. Hence, mdm2 and p53 can interact to form an autoregulatory
loop in which p53 activates expression of its own inhibitor. The p53/MDM2 autoregulatory loop has been
elucidated within cultured cells; however, regulation of mdm?2 expression by p53 has not been demonstrated
within intact tissues. Here, we examine the role of p53 in regulating mdm?2 expression in vivo in order to test
the hypothesis that the p53/MDM2 autoregulatory loop is the mechanism by which low levels of p53 are
maintained. We demonstrate that basal expression of mdm2 in murine tissues is p53 independent, even in
tissues that express functional p53. Transcription of mdm2 is induced in a p53-dependent manner following
gamma irradiation, indicating that p53 regulates mdm?2 expression in vivo following a stimulus. The require-
ment for a stimulus to activate p5S3-dependent regulation of mdm2 expression in vivo appeared to differ from
the situation in early-passage mouse embryo fibroblasts, where mdm2 expression is enhanced by the presence
of p53. Analysis of mdm2 expression in intact and dispersed embryos revealed that establishment of mouse
embryo fibroblasts in culture induces p53-dependent mdm?2 expression, suggesting that an unknown stimulus
activates p53 function in cultured cells. Together, these results indicate that pS3 does not regulate expression

of its own inhibitor, except in response to stimuli.

In the majority of human tumors in which the p53 tumor
suppressor protein is mutationally inactivated, the responsible
mutations are found in the DNA binding domain of this tran-
scriptional activator (reviewed in reference 7). The tumor-
suppressive properties of p53 are therefore predicted to be
mediated by the transcriptional regulation of a set of genes. A
corollary to this prediction is that the transcriptional targets of
p53 responsible for tumor suppression should be regulated by
pS3 in normal tissues. Several genes involved in cell cycle
control, apoptosis, and DNA repair have been shown to be
regulated by p53 in cultured cells (reviewed in reference 21).
However, the existing evidence does not support a central role
for p53 in regulating the basal levels of expression of all of
these genes in vivo. For example, expression of the p21 gene,
which encodes a cyclin-dependent kinase inhibitor, is indepen-
dent of p53 gene status in most unirradiated adult and embry-
onic murine tissues (20, 23, 32). Only in the spleen has basal
expression of p21 been shown to be increased in the presence
of p53 (23). In contrast, p53 regulates basal levels of expression
of the proapoptotic Bax protein in several adult murine tissues
(27). Bax expression is decreased in spleen, thymus, kidney,
small intestine and lung from p53-null mice (27). Therefore,
p53 may regulate a specific subset of its target genes in each
tissue.

One important outcome of p53’s ability to regulate gene
expression is an autoregulatory loop in which p53 activates
expression of its own inhibitor, MDM2 (2, 40). p53 can specif-
ically stimulate the activity of an internal mdm?2 promoter (P2)
that directs the synthesis of an RNA lacking exon 1, which is
noncoding (11). While RNAs from both the p53-independent
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(P1) and p53-responsive (P2) promoters can encode full-length
MDM2 protein (p90™PM?) (37), RNA from the P2 promoter
is approximately eight times more efficiently translated than
RNA from the P1 promoter (18). Enhanced p53 activity there-
fore results in a rapid increase in the amount of p90™P™M2 (2).
The levels of p90™P™?2 are important, because this protein can
inhibit p53 function by physically blocking p53’s transcriptional
activation domain and also by stimulating the degradation of
p53 (8, 17, 29). Inhibition of the interaction between p90™P™M=
and p53 is thought to be responsible for the stabilization of p53
protein in cultured cells in response to genotoxic stress and
oncogene activation (19, 35). The autoregulatory loop model
predicts that the p53-dependent induction of the mdm2 P2
promoter in cells exposed to genotoxic agents is the means
through which normal levels of p53 protein are recovered (4,
33, 40). While this prediction has not been directly tested,
there is some evidence that the ability of p90™P™? to inhibit
pS3 function is important biologically. First, overexpression of
mdm?2 in human tumors appears to be a means of inactivating
p53 function, since many tumors overexpressing mdm?2 contain
wild-type p53 genes (31). Second, a lack of mdm2 expression in
murine embryos is lethal unless the mice also lack p53, dem-
onstrating that the negative regulation of p53 by MDM2 is
critical for normal development (10, 30). The interaction be-
tween p90™PM2 and p53 also appears to be essential for pro-
liferation of cultured cells, since disruption of this interaction
results in the cessation of cell division in normal diploid human
fibroblasts (3). Together, these observations indicate that MDM?2
and p53 may regulate each other constitutively (25, 35).
Because the regulation of mdm?2 expression by p53 has been
proposed to be the mechanism by which p53 balances its own
activity (25, 35), we hypothesized that p53 would constitutively
regulate mdm?2 expression in vivo. We thought the level of
RNA transcribed from the p53-responsive P2 promoter would
be highest in those tissues known to express functional p53,
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including the spleen, thymus, and kidney (23, 27). To investi-
gate whether one aspect of the autoregulatory loop, the regu-
lation of mdm?2 expression by p53, is constitutively operational
in vivo, we analyzed mdm?2 expression by using an S1 nuclease
digestion assay to differentiate between mdm2 RNAs tran-
scribed from the upstream, p53-independent (P1) and internal,
pS3-responsive (P2) promoters (11, 40). We report that the
level of expression from the P2 promoter of mdm?2 is not
influenced by p53 in any of six adult murine tissues, including
the spleen, thymus, and kidney, where basal levels of Bax are
regulated by p53 (27). Instead, in all tissues, induction of
mdm?2 by p53 requires a stimulus. The p53-independent ex-
pression of mdm?2 in vivo contrasts with the constitutive acti-
vation of mdm?2 expression by p53 in cultured cells (1, 38). We
provide evidence that an unknown stimulus activates p53 func-
tion in cultured cells. We show that mdm2 expression is not
regulated by p53 in 14-day-old embryos, but is induced by p53
during the establishment of mouse embryo fibroblasts (MEFs).
This stimulus may increase p53 function by enhancing the
specific activity of preexisting pS3 or by enhancing expression
of p53.

MATERIALS AND METHODS

Mice. FVB/N animals either wild type or nullizygous (9) for the p53 gene were
obtained from Paul Lambert (University of Wisconsin). Wild-type C57BL/6 and
129/Sv mice were obtained from Jackson Laboratories, Bar Harbor, Maine.
Animals were housed in the American Association for the Accreditation of
Laboratory Animal Care-approved McArdle Laboratory Animal Care Facility.
The p53 genotype was determined by PCR analysis (9). Following sacrifice of 4-
to 6-week-old mice, tissues were removed and frozen immediately in liquid
nitrogen. Tissue samples were subsequently stored at —80°C.

Treatment of animals with gamma radiation. Animals were irradiated at 4 to
6 weeks of age with gamma rays from a '3’Cs source at a dose rate of 3.1 Gy/min.
Mice were individually subjected to whole-body gamma irradiation for a total
dose of 5 Gy and sacrificed 4 h later. Nonirradiated, 4- to 6-week-old animals
were used as controls.

Cells and culture conditions. Matched sets of early-passage wild-type and
p53-null MEFs were provided by both A. Levine (Rockefeller University) and S.
Jones (University of Massachusetts). All MEFs were derived from mice of a
mixed C57BL/6-129/Sv background. The p53-null MEFs from A. Levine lacked
p53 protein due to a deletion of exons 2 to 6 (9), while those from S. Jones
contained a deletion of part of exon 5 (6). Both deletions have been shown to
block production of functional p53 protein (6, 9). To establish MEFs, wild-type
embryos of a mixed C57BL/6-129/Sv background were explanted at day 14 of
gestation. Immediately upon explantation, two embryos were snap frozen in
liquid N,. The remaining embryos were individually minced and trypsinized for
20 min at 37°C. Trypsin was inactivated through the addition of an equal volume
of Dulbecco’s modification of Eagle’s medium with 10% fetal calf serum. Fol-
lowing trypsinization, cells were pelleted for 5 min at 1,000 rpm. At this stage, cell
pellets from two embryos were rinsed once in phosphate-buffered saline, pelleted
as described above, and snap frozen in liquid N,. The remaining cell pellets were
plated and incubated at 37°C. Following overnight incubation, cells from two
embryos were washed extensively in phosphate-buffered saline, scraped, pelleted,
and snap frozen in liquid N,. Cells from the remaining embryo were split into two
populations and passaged every 3 to 4 days when confluent. At the time of
passage, a subset of cells was collected as described and stored at —80°C. All cells
were cultured in 5% CO, in Dulbecco’s modification of Eagle’s medium supple-
mented with 10% fetal calf serum, penicillin, and streptomycin.

RNA isolation. Total RNA from tissues or cultured cells was prepared with
Trizol reagent (Molecular Research Center, Inc.) according to the manufactur-
er’s instructions. RNA concentrations were determined in triplicate by 4,4, and
averaged.

S1 nuclease protection assays. RNAs from the mdm?2 P1 and P2 promoters
were identified as described previously (36) with slight modification. In brief,
total RNA was allowed to hybridize overnight at 48°C to a 3>P-end-labeled probe
containing DNA sequences corresponding to mdm2 exons 1 to 3 and 27 nucle-
otides of vector sequence at the 5’ end. As a positive control, the probe was
allowed to hybridize to RNAs synthesized in vitro (Stratagene) from constructs
designed to reflect transcriptional initiation from the mdm?2 P1 or P2 promoter
(1). Hybridization products were digested with 100 U of S1 nuclease (Gibco-
BRL) and electrophoretically separated on a 5% polyacrylamide gel. Products
were quantified with a Molecular Dynamics PhosphorImager.
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FIG. 1. RNAs from both the P1 and P2 promoters of mdm?2 are expressed in
murine tissues. (A) Schematic of exons 1 to 3 of the mdm2 gene and of the S1
nuclease protection assay used to distinguish mdm?2 transcripts from the P1 and
P2 promoters. Indicated are the predicted sizes of hybridization products fol-
lowing digestion with S1 nuclease. (B) The amounts of mdm?2 RNA from the P1
and P2 promoters were compared in spleen (lanes 1 to 3), thymus (lanes 4 to 6),
kidney (lanes 7 to 9), heart (lanes 10 to 12), brain (lanes 13 to 15), and liver (lanes
16 to 18). The indicated tissues were isolated from three age-matched wild-type
FVB/N animals. Twenty-five micrograms of total RNA from each tissue was
analyzed for mdm2 RNA from the P1 and P2 promoters by S1 nuclease digestion
following hybridization to a radiolabeled, denatured DNA probe complementary
to mdm2 exons 1 to 3. The band that appears sporadically in some samples is an
artifact from the probe.

RESULTS

The internal, p53-responsive promoter of mdm?2 is active in
adult murine tissues. To determine whether both mdm2 pro-
moters are active in adult murine tissues, we used an S1 nu-
clease protection assay to distinguish RNAs from the p53-
independent (P1) and p53-responsive (P2) promoters of mdm?2
(Fig. 1A) (36). We measured the amounts of mdm2 RNAs in
the spleen, thymus, kidney, heart, brain, and liver. Analysis of
RNA from age-matched, wild-type FVB/N mice revealed that
RNAs from both mdm?2 promoters were present in the spleen,
thymus, kidney, heart, brain, and liver (Fig. 1B). RNA initiat-
ing from the mdm2 P1 promoter was the most abundant mdm?2
RNA in all tissues. RNA initiating at the mdm?2 P2 promoter
was expressed in all tissues as a relatively minor species of
mdm2 RNA, accounting for only about 10 to 30% of the total
mdm2 RNA.

Basal transcription of mdm2 is not dependent upon p53 in
vivo. To determine whether basal expression of the mdm2 P2
promoter was a result of p53 function, we used the S1 nuclease
protection assay to measure mdm?2 RNAs in tissues from wild-
type and p53-null FVB/N mice (Fig. 2). RNA from three age-
matched animals per genotype was analyzed, and the amount
of RNA expressed from each promoter was averaged. The
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FIG. 2. Expression from the mdm2 P2 promoter is independent of p53. Three adult FVB/N mice were sacrificed that were either wild type (WT) (lanes 1 to 3) or
null for p53 (lanes 4 to 6). Twenty-five micrograms of total RNA from the indicated tissues was analyzed for mdm2 P1 and P2 transcripts by S1 nuclease protection

assay. (A) Spleen. (B) Kidney. (C) Brain. (D) Thymus. (E) Heart. (F) Liver.

ratio of the amount of RNA expressed in wild-type tissues to
that expressed in p53-null tissues revealed that, as expected,
transcription from the mdm?2 P1 promoter was unchanged in
the absence of p53 (Table 1). Similarly, the level of transcrip-
tion from the mdm2 P2 promoter was not significantly dimin-
ished in any p53-null tissue compared to that in the corre-
sponding wild-type tissue. RNA from the mdm?2 P2 promoter
made up from 10 to 30% of the total mdm2 RNA in tissues
from p53-null mice, as it did in tissues from wild-type mice.
These results indicate that p53’s transactivation function does
not contribute to basal transcription from the mdm2 P2 pro-
moter within these adult murine tissues. This is true even in
those tissues in which basal levels of p53 protein and activity
are detectable e.g., spleen, kidney, brain, and liver (22).

The mdm?2 P2 promoter is induced in murine tissues follow-
ing gamma irradiation. The finding that constitutive expres-
sion of the mdm2 P2 promoter was independent of p53
prompted us to determine whether p53 was capable of regu-
lating mdm?2 expression in vivo. We therefore determined
whether the mdm2 P2 promoter was stimulated in murine
tissues in response to whole-body gamma irradiation, a treat-
ment known to induce p53-dependent expression of p21 and
Bax (14, 23, 26). The levels of mdm2 RNAs from the P1 and P2
promoters in tissues of wild-type FVB/N animals that had been
either untreated or treated 4 h previously with 5 Gy of gamma
radiation were measured by S1 nuclease protection (Fig. 3).
For each tissue type, three age-matched animals per condition
were analyzed, and the average fold change in each mdm?2
RNA following gamma irradiation was calculated. Following
gamma irradiation, transcription from the mdm2 P2 promoter
was specifically induced in all six tissues (Table 1). As expected,
no significant change in the level of expression from the mdm?2
P1 promoter was observed. The magnitude of the induction of
the mdm2 P2 promoter varied among tissues. Most dramati-
cally, transcription from the mdm2 P2 promoter was induced

32-fold within the spleen by 4 h following gamma irradiation.
Within the thymus, kidney, and heart, transcription was in-
duced five- to sevenfold. In the brain and liver, transcription
from the mdm?2 P2 promoter was also induced in response to
gamma irradiation, but the induction of mdm2 was slightly
diminished from that in other tissues. These data indicate that
the P2 promoter of mdm?2 can be induced by gamma irradia-
tion in vivo.

The induction of mdm2 following gamma irradiation of mu-
rine tissues is dependent upon p53 function. The finding that
the mdm?2 P2 promoter was induced under conditions known
to activate p53 suggested that its activity was a reflection of p53
function in these tissues. To determine whether the induction
of the mdm?2 P2 promoter following gamma irradiation is at-
tributable to p53 activity, the levels of mdm2 RNA in tissues
from wild-type and p53-null FVB/N animals which had been

TABLE 1. Comparative analysis of levels of mdm2 RNAs from
the P1 and P2 promoters”

Mean =+ SD fold change in RNA?

. WT + IR/ WT + IR/
Tissue WT/p53 null WT — IR p33 null + IR
P1 P2 P1 P2 P1 P2
Spleen 12+03 13+03 13*+03 320+37 21=05 239*117
Thymus 1.6 =05 1.5*04 13+05 61*27 14*+02 6.6=17
Kidney 21+12 29*14 1.6+03 55+18 1.8*x04 83=*28
Heart 1.0+0.1 13*04 14+04 78+32 19*x04 58=18
Brain 11*02 15+08 14*+05 54+29 12*x02 23*05
Liver 1202 1.6+x08 2009 43*+22 1.0x01 22*03

“mdm2 RNAs were measured by S1 nuclease protection and quantified by
PhosphorImager analysis.

® The results shown are the mean fold change in the level of each RNA +
standard deviation (n = 3). WT, wild type; IR, ionizing radiation.
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FIG. 3. Induction of the mdm2 P2 transcript following treatment with ionizing radiation (IR). Three adult FVB/N mice were sacrificed that had been either
untreated (lanes 1 to 3) or treated 4 h previously with 5 Gy of ionizing radiation (lanes 4 to 6). Twenty-five micrograms of total RNA from the indicated tissues was
analyzed for mdm2 P1 and P2 transcripts by S1 nuclease protection assay. (A) Spleen. (B) Kidney. (C) Brain. (D) Thymus. (E) Heart. (F) Liver.

gamma irradiated 4 h previously were measured. For each
tissue type, three age-matched animals per genotype were an-
alyzed. The average amount of mdm2 RNA from each of the
two mdm?2 promoters in irradiated, wild-type tissues was com-
pared to that in irradiated, p53-null tissues (Table 1). As a
control, mdm2 RNAs present within wild-type and p53-null
tissues prior to gamma irradiation were analyzed by S1 nucle-
ase protection (Fig. 4, lanes 1 and 2 of each panel). Whereas
there was no difference in the amount of mdm2 RNA from
either promoter in wild-type and p53-null tissues prior to
gamma irradiation (Table 1 and Fig. 4), 4 h posttreatment,
there was more RNA from the P2 promoter in wild-type, but
not p53-null, tissues (Table 1 and Fig. 4). In fact, all of the
increase in the amount of mdm2 RNA following gamma irra-
diation can be attributed to p53 function (Table 1). These
results demonstrate that p53 regulates mdm?2 expression fol-
lowing gamma irradiation in each of the murine tissues ana-
lyzed.

Transcription from the internal promoter of mdm?2 reflects
p53 activity in MEFs. Prior studies indicating that p53 regu-
lates expression of mdm2 through an internal promoter (P2)
used immortal cell lines in which some component or compo-
nents of the regulatory pathways affecting p53 function are
likely to be abrogated (1, 11, 13, 36). The fact that p53 does not
constitutively regulate expression of mdm?2 in intact tissues led
us to question whether p53 gene status was sufficient to influ-
ence the activity of the P2 promoter in cultured cells. We
therefore measured mdm?2 RNA levels in two matched sets of
early-passage wild-type and p53-deficient MEFs. Such strains
are isogenic except at the p53 locus and therefore provide a
model system in which to assess the contribution of p53 to the
regulation of mdm?2 expression in cultured cells. We used the
S1 nuclease protection assay to discriminate between mdm?2
RNAs arising from the p53-independent (P1) and p53-respon-
sive (P2) promoters. The amounts of mdm2 RNA arising from

the P1 promoter were similar in MEFs expressing and lacking
p53 (Fig. 5A). In contrast, the amount of mdm?2 RNA arising
from the P2 promoter in wild-type MEFs was increased 5-
to-10-fold over the amount of such RNA in MEFs lacking p53.
In p53-null MEFs, the fraction of mdm?2 RNA that initiated at
the P2 promoter was only 10 to 20%, as it was in some wild-
type and p53-null tissues (Fig. 1). However, in early-passage
wild-type MEFs, the amount of RNA from the P2 promoter
was similar to the amount from the P1 promoter. In order to
observe a similar level of expression from the mdm2 P2 pro-
moter in intact tissues, a stimulus, gamma irradiation, was
required. Therefore, p53 constitutively activates mdm?2 expres-
sion in cultured MEFs, but not in intact, unirradiated tissues.

p33 is functionally activated during the establishment of
MEFs. Our results indicate that p53 does not regulate mdm?2
expression in unstressed, adult murine tissues, but does so in
cultured MEFs derived from 14-day-old embryos. This appar-
ent paradox could be explained if p53 was functional in em-
bryonic, but not adult, tissues or if p53 was activated during the
establishment of MEFs. Although there is some evidence that
pS3 is transcriptionally active at days 11 to 19 of embryogenesis
(15), a previous report indicated that mdm?2 expression was not
influenced by p53 gene status in intact, 14-day-old embryos
(20). Therefore, we tested whether p53’s transcriptional acti-
vation function was stimulated by disruption of the embryo or
by culturing. We isolated 14-day-old murine embryos and mea-
sured expression from the P1 and P2 promoters of mdm2 at
various stages during the establishment of MEFs in culture.
We froze embryos immediately upon explantation or following
mincing and trypsinization. We plated minced and trypsinized
embryos and froze the attached cells after overnight incubation
in a humidified incubator at 37°C. Finally, we serially passaged
the plated cells. mdm2 RNA from the P2 promoter was present
in 14-day-old embryos, where it made up 10 to 20% of the total
mdm?2 RNA (Fig. 5B, lanes 1 and 2). The ratio of mdm2 RNA
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FIG. 4. Requirement for p53 for the induction of mdm2 following treatment with (ionizing radiation IR). Adult FVB/N mice that were either wild type (lanes 3
to 5) or null for p53 (lanes 6 to 8) were sacrificed 4 h following 5 Gy of whole-body gamma irradiation. Twenty-five micrograms of total RNA from the indicated tissues
was analyzed for RNAs from the mdm2 P1 and P2 promoters by S1 nuclease protection. For comparison, mdm2 RNA in wild-type (lane 1) and p53-null (lane 2) tissues
prior to gamma irradiation was also analyzed by S1 nuclease protection. In the gel represented here, multiple start sites at the P2 promoter are distinguishable. (A)

Spleen. (B) Kidney. (C) Brain. (D) Thymus. (E) Heart. (F) Liver.

from the P2 promoter to mdm2 RNA from the P1 promoter in
wild-type 14-day-old murine embryos (0.15 = 0.03 [mean =
standard deviation]; n = 4) is similar to the ratio observed in
early-passage p53-null MEFs as well as in tissues derived from
p53-null animals, suggesting that basal expression of mdm?2 is
pS3 independent in 14-day-old embryos. Levels of RNA from
the mdm?2 P2 promoter stayed low after embryos had been
minced and trypsinized (Fig. 5B, lanes 3 and 4), but rose
slightly after plating and overnight incubation of the resulting
cells (Fig. 5B, lanes 5 and 6). Upon serial passage of MEFs
(Fig. 5B, lanes 7 to 12), the levels of RNA from the mdm?2 P2
promoter continued to increase, such that, by passage 3, they
exceeded the levels of RNA from the P1 promoter. These
results indicate that establishment of MEFs results in a 10- to
40-fold induction of p53-dependent mdm?2 expression, presum-
ably through the activation of p53 function.

DISCUSSION

The p53 tumor suppressor protein regulates the expression
of its own inhibitor, MDM2, in cultured cells (2, 40). p53 binds
to the mdm?2 gene and stimulates the activity of an internal
promoter, P2, without influencing the activity of an upstream
promoter, P1 (11). P9OMPM2 binds to p53, inactivates p53’s
transcriptional activation function, and stimulates the degra-
dation of p53 (8, 17, 29). Therefore, p53 and MDM?2 can form
an autoregulatory loop in which p53 regulates the levels of its
own inhibitor. Regulation of mdm?2 expression by p53 and the
subsequent inhibition of p53 function by MDM?2 have been put
forth as the normal mechanism by which p53 function is kept
in check to prevent widespread apoptosis (19, 28, 35). While

there is evidence that MDM2 regulates p53 during murine
embryogenesis (10, 30), it was not known whether p53 regu-
lates mdm?2 expression in vivo.

Here, we assessed one aspect of the p53/MDM?2 autoregu-
latory loop, the regulation of mdm?2 expression by p53, in vivo.
Our results show that the levels of mdm2 RNAs are not de-
tectably influenced by p53 in 14-day-old embryos or in any of
six adult murine tissues. While both the P1 and P2 promoters
of mdm?2 are active in vivo, constitutive levels of RNAs from
both promoters are independent of p53 in the absence of
genotoxic stress, even in tissues such as the spleen, where p53
constitutively regulates Bax and p21 expression (23, 27). Thus,
in the absence of a signal, it appears that factors other than p53
regulate mdm?2 expression in intact tissues, and only after a
stimulus is mdm2 expression regulated by p53 (Fig. 6). The
factors regulating basal activity of the mdm2 P1 and P2 pro-
moters are not known. The p53-related p63 and p73 proteins
may contribute to basal activity of the P2 promoter, because
they are capable of activating some p53-responsive genes (12,
41). However, neither p63 nor p73 activates the P2 promoter in
response to gamma irradiation, because our results demon-
strate that induction of this promoter is abrogated in the ab-
sence of p53.

Levels of the p53-responsive p21 gene are not influenced by
p53 gene status in most embryonic and adult murine tissues
(20, 23, 32); however, p53 does regulate transcription of p27 in
the spleen (23). Bax expression is also enhanced by p53 in this
tissue, as well as in the thymus, kidney, and choroid plexus (27,
42). These observations suggest that pS3 selectively regulates a
subset of genes in a tissue-specific manner. If the p5S3/MDM2
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FIG. 5. (A) S1 nuclease protection analysis of mdm2 RNA in MEFs. A
comparison of the amounts of mdm2 RNA from the P1 and P2 promoters
present in MEFs that were wild type (WT) for p53 (lanes 3 and 5) or null for p53
due to either deletion of p53 exons 2 to 6 (lane 4) or deletion of part of exon 5
(lane 6) is shown. MEFs were all early passage (lanes 3 and 6, passage 2; lanes
4 and 5, passage 1). Ten micrograms of total RNA was protected from S1
nuclease digestion. The negative control (—) was a reaction in which RNA was
omitted from the hybridization reaction. As a positive control (+), probe was
allowed to hybridize to RNA synthesized in vitro from plasmids designed to
reflect transcriptional initiation at the mdm2 P1 or P2 promoter. (B) Levels of
mdm2 RNA during establishment of MEFs. Seven wild-type embryos (A to G)
were explanted at day 14. Tissue and/or cells were snap frozen in liquid nitrogen
at various stages during the establishment of MEFs as follows: embryos A and B,
immediately following explantation: C and D, following trypsinization for 15 min
at 37°C; E and F, incubated at 37°C overnight following trypsinization; G, treated
as embryos E and F, split into two populations (p and p’), and passaged every 3
to 4 days. Twenty-five micrograms of total RNA was analyzed for mdm2 RNAs
from the P1 and P2 promoters by S1 nuclease protection.

autoregulatory loop is in fact the mechanism by which p53
levels are kept under control, then it is predicted that, in tissues
in which the expression of genes such as p27 and bax is clearly
being influenced by p53, p53 would necessarily influence mdm?2
expression. However, we did not detect an influence of p53 on
mdm?2 expression in any of the tissues tested, including those in
which p53 has a demonstrable function. Therefore, the full
pS3/MDM?2 autoregulatory loop does not appear to be the
mechanism by which p53 levels are kept under control in these
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tissues. These results do not eliminate the possibility that
MDM?2 may still regulate p53; however, basal levels of mdm?2
expression appear to be determined by a factor other than p53.
It is possible that p53 does regulate mdm?2 expression and that
the balance between MDM2 and p53 is exquisitely regulated
such that an influence of pS3 on mdm2 expression is undetect-
able. In such a scenario, MDM2 would regulate a population
of p53 distinct from that which regulates p21 and bax, because
expression of these genes is influenced by p53.

Following whole-body gamma irradiation, RNA from the
mdm?2 P2 promoter is specifically induced in all six tissues in a
pS3-dependent manner. The magnitude of this induction varies
between tissues and is greatest in the spleen, which is very
sensitive to p53-mediated apoptosis following gamma irradia-
tion (26). However, there is not a strict correlation between the
magnitude of the increase in mdm?2 expression and the sensi-
tivity of the tissues to p53-mediated apoptosis. The induction
of mdm?2 differs from that of Bax, which is induced in radio-
sensitive tissues, such as the thymus and spleen, but not in
radioresistant tissues, such as the liver (14). The pattern of
induction of mdm?2 is more similar to that of p21, which is
induced in every tissue tested, including the radiosensitive thy-
mus and spleen and the radioresistant brain and kidney (23).

The magnitude of the increase in mdm?2 expression following
gamma irradiation is underestimated in assays that do not
discriminate between RNAs from the two promoters, because
the increase in mdm2 RNA from the p53-responsive P2 pro-
moter is masked by the basal amount of mdm2 RNA from the
p53-independent P1 promoter (S.M.M., unpublished observa-
tions). This observation may account for the fact that mdm2
was not previously identified, by cDNA array hybridization, as
one of the p53-dependent genes whose expression was induced
by whole-body gamma irradiation of adult mice (16). Our re-
sults clearly demonstrate that p53 induces expression of mdm?2
in all tissues tested in response to gamma irradiation.

In cultured cells, expression of mdm?2 is highly dependent on
p53 (1, 38). We show here that the mdm2 P2 promoter is
activated by the establishment of MEFs in culture. At the first
passage, there is a 10-fold increase in RNA from the P2 pro-
moter of mdm?2. This result suggests that even very-early-pas-
sage MEFs have received a stimulus that activates p53. It
follows that the activity of pS3 is higher in primary MEFs than
in 14-day-old embryos. This interpretation may explain the
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FIG. 6. Model illustrating the regulation of p53 function and mdm?2 expres-
sion under unstressed and stressed conditions. Under unstressed conditions,
expression of mdm?2 is regulated by an unknown factor, Y. The function of p53
is regulated by MDM2 or by unknown factor Z. Under stressed conditions, p53
activates mdm2 expression and MDM2 inhibits p53.



VoL. 20, 2000

observation that expression of the p53-responsive p21 gene is
independent of p53 in 14-day-old embryos, but dependent on
p53 in MEFs (20, 24, 32). We hypothesize that an unknown
stimulus activates p53 during the establishment of MEFs in
culture, resulting in the induction of both p21 and mdm?2. This
stimulus may require increased levels of p194®F to activate p53
(34, 43). The level of p19*RF rises as MEFs are cultured, and
p192RE inhibits MDM2’s ability to stimulate the degradation
of p53 (34, 43, 44). Thus, the increased levels of p19*RF may
mediate the activation of p53 seen here. However, recent ev-
idence suggests that p19*®*F may inhibit MDM?2 in late-pas-
sage MEFs, but not during establishment (39). It will be im-
portant to determine whether p19*RF plays a role in the
activation of p53 during the establishment of MEFs in culture.

In contrast to its minimal role in unstressed cells, pS3 plays
a central role in the response of cells to stresses such as DNA
damage, hypoxia, exposure to teratogenic agents, ribonucle-
otide depletion, and oncogene expression (reviewed in refer-
ence 21). Our data demonstrate that p53-mediated regulation
of mdm?2 is apparent in all tissues after a stimulus. We propose
that the activation of mdm2 expression by p53 would be de-
tectable only under conditions that activate the function of p53
in response to stress. The activation may be mediated through
changes in the levels or specific activity of p53.

Our data have important implications for the interpretation
of experiments designed to reveal the mechanisms of regula-
tion of p53 function. In particular, they prompt us to reevalu-
ate the regulatory relationships between p53 and MDM2.
These results indicate that unknown transcription factors indi-
rectly determine p53’s basal activity by regulating basal levels
of expression of mdm2. However, this prediction is true only if
MDM2 is the critical regulator of p53 levels and activity in vivo
in unstressed tissues.

We would like to raise the intriguing possibility that MDM?2
may not regulate p53 in the absence of a stimulus. In light of
our results, it appears plausible that all of the experiments
indicating that MDM?2 regulates p53 function involved condi-
tions of stress and are therefore situations in which p53 acti-
vates mdm?2 expression, resulting in activation of the full p53/
MDM?2 autoregulatory loop. To date, there are three clear
examples of regulation of p53 function by MDM?2 in cells.
First, MDM2 has been shown to regulate the level and activity
of endogenous p53 in normal, diploid human fibroblasts (3).
We have shown previously that p53 stimulates the mdm?2 P2
promoter in such cells (38), so the full autoregulatory loop is
intact under these circumstances. These results can be ex-
plained if, as seen here, culture conditions activate p53. A
second example is during murine embryogenesis. The death of
6-day-old embryos lacking mdm?2 and their rescue in the ab-
sence of p53 implies that mdm?2 is required to regulate p53
function for at least a portion of development (10, 30). It is not
known whether p53 regulates mdm?2 expression in 6-day-old
embryos; however, based on our model of the p53/MDM?2
autoregulatory loop, we predict that mdm?2 expression would
be elevated in 6-day-old embryos in response to a stimulus that
activates p53. This stimulus could be the hyperproliferative
signal proposed by Jones et al. (10) to activate p53. The third
example is in tumor cell lines, where inhibition of mdm?2 ex-
pression by antisense oligonucleotides results in enhanced p53
levels and activity (5). Again, we suggest that culturing condi-
tions activate the full autoregulatory loop such that p53 regu-
lates mdm?2 expression and MDM2 regulates p53 function (Fig.
6). Thus, MDM2 may not constitutively regulate p53 function,
but may do so only under conditions of stress, when the auto-
regulatory loop is initiated by activation of p53. The generation
of mice carrying conditional-null alleles of mdm2 would allow
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us to determine whether MDM?2 regulates p53 in adult tissues,
in the absence of stress.

Our results indicate that the full p53/MDM?2 autoregulatory
loop is not constitutively active in adult tissues. Instead, regu-
lation of mdm?2 expression appears to be independent of p53,
except in response to a stimulus, such as genotoxic stress, that
activates p53. It may be that MDM2 is required to inhibit p53
only under conditions of stress. Recently, much effort has been
given to disturbing the interaction between MDM2 and p53 in
tumor cells overexpressing mdm?2; disruption of this interac-
tion in cultured tumor lines sensitizes them to chemotherapeu-
tic agents (5). If MDM2 does not regulate p53 function in
unstressed cells, such therapies may be specific for preneoplas-
tic and tumor cells.
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