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The function of tumor suppressor p53 has been under intense inves-
tigation. Acute stresses such as DNA damage are able to trigger a high
level of p53 activity, leading to cell cycle arrest or apoptosis. In
contrast, the cellular response of mild p53 activity induced by low-level
stress in vivo remains largely unexplored. Murine double minute
(MDM)2 and MDM4 are two major negative regulators of p53. Here,
we used the strategy of haploinsufficiency of Mdm2 and Mdm4 to
induce mild p53 activation in vivo and found that Mdm2*'~Mdm4+'~
double-heterozygous mice exhibited normal embryogenesis. However,
closer examination demonstrated that the Mdm2*'~Mdm4+'~ cells
exhibited a growth disadvantage and were outcompeted during de-
velopment in genetic mosaic embryos that contained wild-type cells.
Further study indicated the out-competition phenotype was depen-
dent on the levels of p53. These observations revealed that cells with
mild p53 activation were less fit and exhibited altered fates in a het-
erotypic environment, resembling the cell competition phenomenon
first uncovered in Drosophila. By marking unfit cells for elimination,
p53 may exert its physiological role to ensure organ and animal fitness.

p53 | stress response | cell competition | embryogenesis | tissue fitness

he protein p53, which is encoded by the Trp53 gene in mouse

and by 7p53 gene in human, is regarded as a guardian of the
genome (1). As a critical tumor suppressor, p5S3 mutations were
found in about half of human tumor cases (2). Acting predominantly
as a transcriptional factor, p53 is able to trigger cell cycle arrest,
apoptosis, and senescence under acute stresses (3). In brief, p53
serves as a sensor to integrate the stress signals a cell encounters,
and then determines the fate of the cell: live or die (4).

Given the importance of p53 in determining cells’ final fates, its
activity must be tightly regulated. Years of research have led to the
understanding that posttranslational regulatory mechanisms play a
dominant role in regulating p53 activation (5). Among all regula-
tors, murine double minute (MDM)2 and MDM4 are two critical
negative regulators that keep p53 activity at a very low level in
physiological conditions. MDM?2 functions as an E3 ubiquitin ligase
responsible for the degradation of p53 (6), whereas MDM4, a ho-
molog of MDM2, appears to inhibit p53 by masking its transcrip-
tional activation domain (7). Deletion of either Mdm2 or Mdm4
resulted in embryonic lethality in mice, which could be rescued by
concomitant deletion of p53 (8, 9). Stresses, such as irradiation and
aberrant activation of oncogenes, were able to relieve pS3 protein
from the repression of MDM?2 and MDM4, leading to robust p53
activation and subsequent cell cycle arrest or apoptosis (10). In
addition to acute stresses, which induce robust p53 activation, or-
ganisms are continuously exposed to low-level stresses, including
oxidative stress, endoplasmic reticulum stress, inflammation, repli-
cation-induced DNA damage, and other constitutive stresses (4),
which may result in the induction of varied levels of p53 activity.
How an individual cell responds to low levels of p53 activity is not
well understood.

Tissue fitness depends on the elimination of unfit cells (11). In
contrast to the classical cell autonomous responses of growth
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arrest or apoptosis, a noncell autonomous mechanism called cell
competition, first uncovered in Drosophila, determines whether a
cell is to survive or be eliminated based on its relative “fitness” in
comparison with its neighboring cells (12, 13). Therefore, oth-
erwise viable but less-fit cells may be eliminated in a competitive
environment to ensure the overall fitness of the tissue and, in
turn, the organism.

Here, we used an approach of haploinsufficiency of Mdm2 and
Mdm4 in mice to mimic mild p53 activation in vivo (14). In-
terestingly, although the Mdm2+~Mdm4*'~ double-heterozygous
mice exhibited normal embryogenesis, Mdm2*'~Mdm4*'~ double-
heterozygous cells were outcompeted during embryogenesis in the
genetically mosaic embryos, in which they were surrounded by
wild-type cells. This effect was abrogated when one copy of p53 is
deleted, suggesting the “unfit” phenotype of Mdm2*~Mdm4+~
double-heterozygous cells was mediated by mildly increased p53
activity. Therefore, we found that, rather than inducing cell cycle
arrest or apoptosis in a cell-autonomous fashion, mild p53 activity
contributes to noncell autonomous cell competition during
mammalian embryogenesis to ensure the fitness of the organism.

Results

Mdm2*'-Mdm4*'~ Mice Exhibited Normal Embryogenesis. To mimic
daily stress-induced p53 activity, we used the strategy of hap-
loinsufficiency of Mdm2 and Mdm4 to mildly activate pS3. The
Mdm2*'~ and Mdm4*'~ mice were backcrossed to C57BL/6J mice
for four and five generations, respectively, before they were
crossed to generate the Mdm2"'~Mdm4*'~ mice. Genetic anal-
ysis showed that the double-heterozygous mice were in a nearly
complete C57BL/6J strain background (SI Appendix, Tables S1
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and S2). We first examined the p53 activity in cultured mouse
embryonic fibroblasts SMEFS) generated from the crosses between
Mdm2*"~ and Mdm4*'~ mice. p21, a well-known p33 target gene,
was slightly up-regulated at the mRNA level in Mdm2*~ and
Mdm4+'~ single-heterozygous MEFs while being significantly el-
evated in Mdm2"~Mdm4+~ double-heterozygous MEFs com-
pared with that in the wild-type MEFs (SI Appendix, Fig. S14).
Consistently, the p21 protein level was significantly higher in
Mdm2+~Mdm4*'~ MEFs compared with that in the single het-
erozygous MEFs (SI Appendix, Fig. S1B). Moreover, the p21
mRNA level in Mdm2+'~Mdm4*'~ MEFs was comparable to that
in wild-type MEFs treated with a low dose of either Nutlin-3A
(4 pM) or cisplatin (4 pg/mL) (SI Appendix, Fig. S1 C and D).
These data indicated that haploinsufficiency of Mdm2 and Mdm4
led to a mild increase of p53 activity in vitro.

We next studied the physiology of mild p53 activity during em-
bryogenesis. Interestingly, the Mdm2*~Mdm4*'~ embryos at em-
bryonic day (E)12.5 exhibited normal morphology and histology
comparable to that of the control embryos at the same stage (Fig. 1
A and B). Given the mild p53 activation in cultured Mdm2*'~
Mdm4*~ MEFs, we examined the activity of p53 pathway in these
embryos. The expression levels of p27, along with other ?53 targets
Bax and Noxa, were moderately elevated in the Mdm2"~Mdm4*'~
embryos (Fig. 1C). In addition, the expression of p21 and Noxa were
also comparable to those in the age-matched wild-type embryos
treated with a low dose of X-ray irradiation (SI Appendix, Fig. S1 E
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and F). Immunohistochemistry (IHC) for cleaved caspase3 showed
no apoptosis in the majority of tissues examined, such as lung and
liver from E12.5 Mdm2+~Mdm4*~ embryos (Fig. 1D). Apoptotic
cells were found to be only moderately increased in the brain of
these embryos (Fig. 1E). In contrast, Pcna, a marker for cell pro-
liferation, was not altered at the mRNA level (Fig. 1F). Parallel to
Pcna expression, IHC for Ki67 in brain, liver, and intestine exhibited
comparable proliferation between the Mdm2+~Mdm4+~ and wild-
type embryos (Fig. 1G). Moreover, Mdm2*'~Mdm4*'~ mice were
born at the Mendelian ratio when Mdm2"~ and Mdm4*~ mice
were bred together (Fig. 1H). Collectively, Mdm2"~Mdm4*'~ mice
exhibited no detectable defects in embryogenesis despite the mild
increase of p53 activity.

Mdm2*'~Mdm4*'~ Cells Were Dramatically Reduced in Mosaic Pancreatic
Tissue. Normal embryogenesis of Mdm2*~Mdm4*'"~ mice indicated
the limited effect of mild p53 activity on cellular fate at the
organismal level. To further investigate potential tissue-specific
effects of mild p53 activity during embryonic development, we
used the strategy of tissue-specific gene knock-out. Ipfi-cre, a
Cre line expressed early in pancreatic progenitor cell stage (15),
was used to generate pancreas-specific haploinsufficiency of
Mdm?2 and Mdm4 by crossing with mice harboring Mdm2-con-
ditional alleles in the Mdm4 heterozygous background. Rosa26-
LacZ reporter is commonly used to permanently label cells on
Cre-mediated recombination. We found that ~80% of the
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Fig. 1. Mice with haploinsufficiency of Mdm2 and Mdm4 exhibited normal embryogenesis. (A) Images of WT, Mdm2*~, Mdm4*~, and Mdm2*'~Mdm4*'~
embryos (E12.5). (Scale bars, 2 mm.) (B) H&E staining of the sections from WT and Mdm2*~Mdm4*'~ embryos (E12.5). (Scale bars, 2 mm). (C) Relative mRNA
expression of p53 target genes p21, Bax, and Noxa in WT, Mdm2*~, Mdm4*'~, and Mdm2*'~Mdm4*'~ embryos (E12.5; n = 3). Data are presented as mean +
SD. *P < 0.05; **P < 0.01; ***P < 0.001 (one-way ANOVA followed by Tukey’s test). N.S., not significant. (D) IHC staining for cleaved-caspase3 in lung and liver
of WT and Mdm2*~-Mdm4*'~ embryos (E12.5). (Scale bars, 100 pm.) (E) IHC staining for cleaved-caspase3 in brain of WT and Mdm2*'~Mdm4*'~ embryos (E12.5).
Arrows indicated cleaved caspase3-positive cells. (Scale bars, 100 um.) (F) Relative mRNA expression of Pcna in WT, Mdm2*=, Mdm4*~, and Mdm2*~Mdm4*'~
embryos (E12.5; n = 3). Data are presented as mean =+ SD. Statistical significance was determined by one-way ANOVA followed by Tukey’s test. N.S., not sig-
nificant. (G) IHC staining for Ki67 in E12.5 Mdm2*~Mdm4*~, and WT embryos. (Scale bars, 100 um.) (H) The number of progeny with different genotypes
from Mdm2*'~ and Mdm4*'~ breeding pairs.
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pancreatic cells expressed p-gal in adult Ipfl-cre; Rosa26-LacZ
mice, suggesting a mosaic expression of the Cre recombinase
(SI Appendix, Fig. S2 A and B). The cells with the recombined
Mdm?2 genotype could also be identified by p-gal expression in
both Ipfl-cre; Rosa26-LacZ; Mdm2"'*; Mdm4*'~ (herein
referred to as Ipfl-cre; M/M) and Ipfl-cre; Rosa26-LacZ;
Mdm2™* (herein referred to as Ipfl-cre; M2) mice. To our sur-
prise, X-Gal staining at various postnatal and adult stages showed
a dramatic decrease of P-gal-positive cells in Ipfl-cre; M/M
mice compared with the B-gal-positive cells in IpfI-cre; M2 mice, as
well as other control mice (SI Appendix, Fig. S2C). This result
suggested a selective loss of the cells with the Mdm2+'~Mdm4*'~
genotype in the mosaic pancreas during embryogenesis. To quantify
the relative contribution of cells with the Mdm2+~Mdm4*~ geno-
type to the development of mosaic pancreas, we analyzed LacZ
levels in pancreas of 6-8-wk-old Ipfi-cre; M2 and Ipfl-cre; MIM
mice and found a dramatic drop in Ipfl-cre; M/M pancreas com-
pared with the controls (SI Appendix, Fig. S2D). Consistently,
quantitative PCR analysis of the recombined Mdm2™"* allele also
revealed a dramatic decrease in the Ipfl-cre; M/M mice (SI Ap-
pendix, Fig. S2E). Intriguingly, although cells with the Mdm2"~
Mdm4*"~ genotype were rarely found in the mosaic pancreas, the
final size and histology of the pancreas were comparable to those
of controls in 2-wk-old Ipfl-cre; M/M mice (SI Appendix, Fig. S3 A
and B). Moreover, the Ipfl-cre; M/M mice displayed a similar
growth rate and blood glucose level as the Ipfl-cre; M2 mice (ST
Appendix, Fig. S3 C and D). Collectively, we found that cells
with the recombined Mdm2+~Mdm4*'~ genotype were signifi-
cantly decreased in number during development of mouse
pancreas when presented in a mosaic manner, a hallmark of cell
competition.

Loss of Mdm2*'~Mdm4*'~ Cells Occurred in Multiple Tissues in Mosaic
Embryos. To investigate whether the loss of cells with the recom-
bined Mdm2+~Mdm4*'~ genotype also occurred in other tissues
during mouse embryonic development, UBC-creERT2 mice were
used to generate mosaic embryos. UBC-creERT2 is a well char-
acterized and broadly expressed Cre line whose activity depends
on tamoxifen administration. UBC-creERT2 mice were crossed
with the Rosa26-LacZ; Mdm2™*"*: Mdm4*'~ mice to generate
embryos with the UBC-creERT2; Rosa26-LacZ, Mdm2"*'+;
Mdm4+'~ (UBC-creERT2; M/M) and control genotypes; then the
pregnant mice were injected with tamoxifen (30 pg/g body weight)
at E5.0. The embryos were collected 36 h later (Fig. 24), followed
by X-Gal staining to identify the cells with genetic recombination
on Cre activity. Whole-mount X-Gal staining confirmed similar
activities of the Cre recombinase in all embryos examined with
tamoxifen induction (Fig. 2B). However, at E18.5-19.5, X-Gal
staining showed a dramatic loss of p-gal-positive cells in heart,
kidney, liver, and lung of tamoxifen-treated UBC-creERT2; M/M
embryos compared with B-gal-positive cells in UBC-creERT2; M2
embryos (Fig. 2C), suggesting the loss of cells with the Mdm2+/~
Mdm4*~ genotype. Consistently, LacZ mRNA level also de-
creased dramatically in multiple tissues of tamoxifen-treated UBC-
creERT2; M/M embryos (Fig. 2D). Genetic analysis again showed
that the UBC-creERT2; M/M mice were highly similar in genotype
to the C57BL/6J background (SI Appendix, Tables S1 and S2).
Therefore, cell competition that eliminates the Mdm2*~Mdm4+~
cells occurs in multiple tissues in genetically mosaic embryos.

To study the fate of Mdm2*'~"Mdm4*'"~ cells in mosaic embryos
without the use of tamoxifen, ETI4-cre that expresses in very early
stage embryos (16) was used, and the progeny from male EIlA-cre
mice express the Cre recombinase in mosaic patterns (17). After
breeding male EIIA-cre mice with the Rosa26-LacZ; Mdm2""*;
Mdm4*'™ mice, early embryos as well as newborn pups were col-
lected and analyzed with X-Gal staining (Fig. 3 4 and B). Although
Cre-mediated recombination in the E6.5 EIlA-cre; Rosa26-LacZ,
Mdm2"™*; Mdm4*'~ (EIIA-cre; M/M), and control embryos was
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Fig. 2. Universal loss of cells with the Mdm2*~Mdm4*'~ genotype in the
developing embryos. (A) A schematic diagram of generating the mosaic em-
bryos. BW, body weight. (B) Whole-mount X-Gal staining of the embryos 36 h
after tamoxifen injection (E6.5). Embryonic tissues were marked by dotted
lines. (Scale bars, 1 mm.) (C) X-Gal staining of heart, kidney, liver, and lung
from E19.5 UBC-creERT2; Rosa-lacZ; Mdm2"*+ (M2™) and UBC-creERT2; Rosa-
lacZ; MIM embryos. (Scale bars, 100 pm.) (D) QRT-PCR analysis of LacZ levels
from tissues of E19.5 UBC-creERT2; Rosa-lacZ: Mdm2™* (M2™) and UBC-
creERT2; Rosa-lacZ; MIM embryos (n > 3). Data are presented as mean + SD.
**p < 0.01; ***P < 0.001 (two-tailed t test).

comparable (Fig. 3 B and C), cells marked by p-gal expression were
found to be dramatically reduced in number in the skin, kidney,
liver, and lung of the newborn EIl4-cre; M/M mice compared with
those in the control mice (Fig. 3D), suggesting a progressive loss of
Mdm2*~Mdm4*"~ cells in these tissues during embryonic devel-
opment. Furthermore, the few residual p-gal-positive cell clusters
were much smaller in size in the EILA-cre; M/M mice (Fig. 3D and E).
Therefore, these observations confirmed the growth disadvantage of
cells with Mdm2*'~Mdm4*'~ genotype in the mosaic embryos.

Mdm2*'~-Mdm4*'~ Cells in Mosaic Embryos Displayed Reduced
Proliferation. To further study the behavior of “unfit” cells with
the Mdm2*'~Mdm4*'~ genotype in mosaic embryos, clonal
analysis, which is commonly used to define cell competition in
Drosophila (18) and to investigate the proliferative potential of
single cells (19), was performed in the UBC-creERT2; M/M
embryos (SI Appendix, Fig. S44). A very low dose of tamoxifen
(2 pg/g body weight) was administered to pregnant mice with
E5.0 embryos that resulted from the crosses between UBC-
creERT2 and Rosa26-LacZ; Mdm2""°*; Mdm4*'"~ mice. Thirty-
six hours later, X-Gal staining indicated that a very small number
of cells was initially labeled in the embryos (SI Appendix, Fig.
S4B). At E19.5, the p-gal-positive clones formed in the brain,
liver, kidney, and skin of the control embryos appeared much
larger than those in the UBC-creERT2; M/M embryos (SI Ap-
pendix, Fig. S4 C and D), sug%esting a growth disadvantage of
cells with the Mdm2*'~Mdm4*’~ genotype in this setting.

The phenotypes of cells with the Mdm2*~Mdm4*'~ genotype in
different neighboring contexts were further investigated in mice
with a Rosa26-mTmG background. Rosa26-mTmG mice express a
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Fig. 3. Cells with the Mdm2*-Mdm4*'~ genotype were outcompeted in E/lA-
cre-induced mosaic embryos. (A) A schematic presentation of the mosaic mice.
(B) Whole-mount X-Gal staining of E6.5 EllA-cre; Rosa-lacZ; Mdm2™o¥+ (m27+)
and EllA-cre; Rosa-lacZ; MIM embryos. Embryonic tissues were marked by
dotted lines. (Scale bars, 1 mm.) (C) Percentages of p-gal-expressing cells in E6.5
EllA-cre; Rosa-lacZ; Mdm2™o¥+ (M27*) and EllA-cre; Rosa-lacZ; MIM embryos
(n = 6). Data are presented as mean + SD. Statistical significance was de-
termined by Student'’s two-tailed t test. N.S., not significant. (D) X-Gal staining
of tissues from neonatal EllA-cre; Rosa-lacZ; Mdm2fo+ (M2"*) and EllA-cre;
Rosa-lacZ; M/M mice. Insets indicated higher magnification. Areas marked with
dotted lines indicated cell clusters. (Scale bars, 100 pm.) (E) Quantifications of
the size of cell clusters in skin, kidney, liver, and lung of EllA-cre; Rosa-lacZ; MIM
and EllA-cre; Rosa-lacZ; Mdm2™+ (M2™*) mice (n = 4). Data are presented as
mean + SD. **P < 0.01; ***P < 0.001 (two-tailed t test).

double-fluorescent Cre-reporter in which the original expression of
Td-tomato would be switched to that of GFP on Cre activity (20).
Therefore, cells with the recombined genotypes in the mosaic
embryos would be labeled with membrane-bound GFP. UBC-
creERT?2 mice and Rosa26-mTmG; Mdm2™: Mdm4*"~ mice
were crossed, and the pregnant mice were then treated with 2 pg/g
body weight tamoxifen at E5.0 to generate mosaic embryos (Fig.
4A). Immunofluorescent staining for Ki67 showed the GFP* cells
representing the recombined Mdm2""~Mdm4+~ genotype exhibi-
ted significantly less proliferation than GFP-negative cells in tissues
of small intestine, brain, and liver from the E12.5 UBC-creERT2;
Rosa26-mTmG; M/M mosaic embryos (Fig. 4 B-E). Moreover,
immunofluorescent analysis for Ki67 in the Mdm2"-Mdm4*~
embryos at E12.5 displayed a much higher proliferating index than
the GFP* cells in mosaic embryos (Fig. 4E; SI Appendix, Fig. S5A),
indicating the context-dependent nature of the proliferative ability
for Mdm2+~Mdm4*'~ cells. In contrast, immunofluorescent stain-
ing for cleaved-caspase3 did not show increased apoptotic signals
in the GFP-labeled Mdm2*'~Mdm4*'~ cells in the mosaic embryos
(SI Appendix, Fig. S5B). Collectively, these results suggested that
Mdm2"'~Mdm4+'~ cells were outcompeted mainly through reduced
cell proliferation during the development of mosaic embryos. They
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also helped explain the distinct fate of Mdm2*'~Mdm4*'~ cells in
different neighboring contexts.

Long-term or high-dose exposure to Cre recombinase may be
toxic because of the possible DNA damage caused by the Cre,
which could confound our data interpretation (21). To determine
whether there was increased DNA damage in the GFP-positive
cells with the recombined Mdm2*'~Mdm4*'~ genotype, immuno-
fluorescent analysis for y-H2AX was performed in the E12.5 UBC-
creERT2; Rosa26-mTmG; M/M mosaic embryos. There was no
obvious difference in y-H2AX staining between the GFP™ cells and
their neighboring GFP™ cells in multiple tissues of the embryos (S7
Appendix, Fig. S6 A and C). As a control, X-ray-irradiated E12.5
wild-type embryos exhibited elevated y-H2AX staining as the dose
of irradiation increased (SI Appendix, Fig. S6 B and C). These
results suggested that under the regimen of transient and low-dose
induction of the Cre activity, DNA damage was unlikely to be
responsible for the out-competition of the recombined Mdm2+~
Mdm4*~cells in the mosaic embryos.

Selective Loss of Mdm2*'~Mdm4+'~ Cells in Fast Turnover Tissues of
Adult Mice. Although our data presented here demonstrated cell
competition against Mdm2+"Mdm4*'~ cells during embryonic de-
velopment, we wondered whether the fate of Mdm2*~Mdm4*'~
cells was also determined in a context-dependent manner in mouse
adult tissues. Although p21 mRNA or protein levels were signifi-
cantly up-regulated in multiple neonatal and adult tissues of the
Mdm2*"~Mdm4*'~ mice compared with their wild-type littermates
(ST Appendix, Fig. ST A-C), all Mdm2*-Mdm4*'~ mice were viable
and could grow to adulthood, although exhibiting a moderately
reduced growth rate compared with the wild-type littermates
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Fig. 4. Reduced proliferation of cells with the Mdm2*-Mdm4*'~ genotype in
mosaic embryos. (A) A scheme in analyzing the mosaic embryos of the Rosa-
mTmG background. BW, body weight. (B-D) Immunofluorescent staining of
GFP and Ki67 in fetal intestine (B), brain (C), and liver (D) of E12.5 UBC-
creERT2; Rosa-mTmG; M/M embryos. (Scale bars, 100 pm.) (E) Quantifications
of cellular proliferation in E12.5 UBC-creERT2; Rosa-mTmG,; M/M embryos and
E12.5 Mdm2*'~Mdm4*"~ embryos (n = 3). Data are presented as mean + SD.
*P < 0.05; **P < 0.01 (one-way ANOVA followed by Tukey’s test).
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(SI Appendix, Fig. STD). Male Mdm2*'~Mdm4*'~ mice carried white
belly spots and shorter, occasionally kinked tails (SI Appendix, Fig.
S7E), which were reported in the Bst mouse associated with p53
activation (22, 23). Despite the elevated levels of p21, little differ-
ences in Pcna mRNA expression and Ki67 staining were observed
between Mdm2"'~Mdm4*"~ and wild-type mice in the fast-turnover
tissues, including bone marrow, small intestine, spleen, testis, and
thymus (SI Appendix, Fig. S7 F and G). Furthermore, apoptosis was
not detected in these tissues, except for thymus (SI Appendix, Fig.
S7H). These results suggested relatively normal homeostasis in most,
if not all, the tissues in adult Mdm2*"Mdm4*™"~ mice.

Next, we examined the fate of Mdm2*'~Mdm4*~ cells in the
UBC-creERT2; M/M mosaic mice induced at adult stage. Eight- to
10-wk-old UBC-creERT2; Rosa26-LacZ; M/M mice were injected
with tamoxifen, and the fate of cells with genetic recombination in
various tissues was analyzed by LacZ expression 7 d, 3 mo, and
6 mo later (SI Appendix, Fig. S84). LacZ levels showed little
difference in liver, kidney, lung, and brain between these points
(SI Appendix, Fig. S8B), suggesting that the cells with the Mdm2*/~
Mdm4*'~ genotype did not exhibit a disadvantage in relatively
quiescent tissues of the adult mosaic mice. However, LacZ levels
decreased with time in the spleen, bone marrow, and testis, sug-
gesting a gradual loss of cells with the Mdm2"'~Mdm4*'~ genotype
(SI Appendix, Fig. S8B). Parallel to the mRNA levels, -gal protein
levels also exhibited gradual decreases in bone marrow and spleen
but maintained its levels in liver and kidney of the tamoxifen-
treated UBC-creERT2; Rosa26-LacZ; M/M mice (SI Appendix, Fig.
S8C). These results suggested that in the adult mosaic mice, cells
with the Mdm2*'~Mdm4*'~ genotype were gradually outcompeted
in fast-turnover tissues, including bone marrow, spleen, and testis.
Therefore, the selective loss of cells with the Mdm2*'~Mdm4+'~
genotype was found in both embryos and adult tissues in
a mosaic setting.

The Out-Competition Phenotype of Mdm2*'-Mdm4*'~ Cells in the
Mosaic Embryos Was p53 Dependent. Considering the tight and
dose-dependent regulation of p53 activity by MDM2 and MDM4,
we examined whether the out-competition of Mdm2*~Mdm4+'~
cells is p53-dependent. The EIlA-cre; p537~ male mice were
crossed with Rosa26-LacZ; Mdm2"": Mdm4*'~ female mice to
generate mosaic embryos on either a p53 wild-type or p53+~
background. Newborn pups from the cross were collected and
analyzed with X-Gal staining to identify the cells with the
recombined Mdm2+'~ genotype. Although very few p-gal—positive
cells were present in multiple tissues of the neonatal EILA-cre;
M/M mice compared with EIlA-cre; M2 mice, the number of
B-gal-positive cells was essentially rescued in EILA-cre; M/M;
53"~ mice (Fig. 54). This indicated that even the partial de-
ficiency of p53 was able to rescue the growth disadvantage of the
Mdm2*~"Mdm4*'~ cells in the mosaic mice. In addition, the LacZ
levels in liver, brain, thymus, kidney, lung, and spleen of EILA-cre;
M/M; p53*'~ mice were not significantly different from those of
EIIA-cre; M2 mice, in sharp contrast to the decreased expression
in EIIA-cre; M/M mice (Fig. 5B; SI Appendix, Fig. S94). Western
blot analysis of p-gal expression in liver, kidney, and spleen largely
confirmed these results, although some variations existed (S
Appendix, Fig. S9 B and C). Thus, the out-competition phenotype
caused by haploinsufficiency of Mdm2 and Mdm4 in the mosaic
embryos was mediated by p53 activity.

Discussion

Here we established mouse models with haploinsufficiency of
Mdm?2 and Mdm4 to study the biological effects of mild p53 ac-
tivity in vivo. Our results showed that the haploinsufficiency of
Mdm?2 and Mdm4 in a genetic background close to C57BL/6J was
able to induce mild p53 activity in both embryos and postnatal
mice that displayed no significant detrimental defects. The Mdm4-
deficient allele used in this study, known as Mdm4** (24, 25), was
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Fig. 5. p53 dependency for the out-competition phenotype of the cells with
the Mdm2*~Mdm4*'~ genotype in mosaic embryos. (A) X-Gal staining of liver,
kidney, and pancreas of neonatal EllA-cre; Rosa-lacZ; Mdm2™+ (M2™*), EllA-
cre; Rosa-lacZ; MIM, and EllA-cre; Rosa-lacZ; MIM; p53*” mice. (Scale bars,
100 pum.) (B) Statistical analysis of LacZ mRNA levels in multiple tissues of
neonatal EllA-cre; Rosa-lacZ: Mdm2™* (M2™) (n = 4), EllA-cre; Rosa-lacZ:
MIM (n = 5), and EllA-cre; Rosa-lacZ; MIM, p53+" (n = 4) mice. Data are pre-
sented as mean + SD. *P < 0.05; **P < 0.01 (one-way ANOVA followed by
Tukey's test). N.S., not significant.

considered a true null allele (24, 26), possibly accounting for the
phenotypic differences of the Mdm2*~Mdm4*'~ mice compared
with a previous report (14), in which mice with a different Mdm4
allele (9) and genetic background were analyzed (14). Intriguingly,
with the genetic recombination approach, we found the number of
Mdm2*~Mdm4*'~ cells was dramatically decreased during em-
bryogenesis in mosaic embryos, suggesting that cells possessing
mild p53 activity displayed a different fate when neighbored by
genetically distinct cells. Importantly, p53 deficiency rescued the
out-competition of Mdm2™~Mdm4+'~ cells in the mosaic embryos.
Similar to the observation in Drosophila that cell competition is
usually observed in tissues undergoing rapid growth (27), we
also found severe under-representation of the cells with the
Mdm2*'~Mdm4*'~ genotype in the adult tissues of bone marrow,
spleen, and testis. Thus, these results suggested that a mild in-
crease in p53 activity is able to direct cell fate through cell
competition in mice (SI Appendix, Fig. S10).

Only a few studies reported cell competition phenomenon in
mammals (28). Cells with a mutation in the Rp/24 gene (Rpl24”"™),
which encodes a component of ribosome protein in mouse, were
outcompeted in chimeric embryos that were generated by injecting
Rpl24%"* ES cells into wild-type blastocysts g22). Because the Bst
(belly spot and curly tail) phenotypes in Rpi24”"* mice were largely
suppressed by genetic inactivation of a single p53 allele (23), it
raised the possibility that p53 may be involved in the out-compe-
tition of Rpl24%""* cells. Interestingly, a seminal study by Bondar
and Medzhitov described the competition between p53 mutant and
wild-type hematopoietic stem and progenitor cells in mice under a
low level of irradiation (29). They also used Mdm2*"~ hematopoi-
etic stem and progenitor cells to genetically mimic mild p53 acti-
vation induced by a low level of irradiation and found that these
cells were outcompeted by the wild-type donor in the chimeric
hematopoietic system (29). More recently, it was shown that p53
may instruct an out-competition phenotype of the scrib®? cells in
response to cell crowding (30). However, it remains elusive whether
cell competition represents a general mechanism in p53-mediated
cellular responses or occurs only under specific circumstances. Our
results implicated a more comprehensive and critical role for the
p53 pathway in mediating the cell competition process both during
embryogenesis and in adult tissues.

In cell competition, the “loser” cells are often eliminated by
apoptosis (18, 31) because they are less competitive for the
downstream limiting factors such as survival/growth factors (13).
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However, several studies also suggested that induction of apo-
ptosis was not obligatory in cell competition (32, 33). We found
that cells with the Mdm2*'~Mdm4*~ genotype in mosaic embryos
displayed reduced proliferation. In contrast, the Mdm2™~Mdm4*'~
cells in a homotypic environment exhibited normal proliferation,
clearly demonstrating the distinct behavior and fate of these cells,
depending on cell contexts. Therefore, mild increase of p53 ac-
tivity may affect the competitive status of the cells, rather than
directly influence their cell cycle progression per se. p53 is known
to play a significant role in influencing the metabolic and redox
profiles of cells (34), which might be associated with the cells’
competitive status. In addition, p53 has been shown to be able to
antagonize c-Myc (35), whose level is critical in determining cell
fitness during cell competition in both Drosophila and mice (18,
36). Thus, it is possible that the relative levels and activities of
p53 and c-Myc play instructive roles in the competition of cells in
a heterotypic environment.

Various types and degrees of stress and damage in individual
cells may result in the accumulation of viable but suboptimal cell
populations in the organism. Interestingly, heterogeneous cell
populations were found at high frequency even in early human
embryos (37). In responses to stress signals that differ in strength
and type, p53 could mediate cell-autonomous responses such as
apoptosis or cell cycle arrest to directly affect a group of cells, or
alternatively, involve cell competition to compare the fitness of
cells and to selectively affect individual suboptimal cells. The
delicate control in cell fate choices may also help us discern either
a general stress response that the whole tissue suffers or the varied
responses of individual cells within the tissue. Thus, as a master
regulator of stress responses, p53 may play its role by coordinating
at a multicellular level for the optimal responses and health of the
tissues and organisms. Indeed, p53 is involved in reducing the risk
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for developmental abnormalities as p53 null mice exhibited in-
creased developmental abnormalities, especially in the presence of
teratogens (38). With the emerging roles of cell competition in
tissue homeostasis, aging, and cancer, this study suggested a close
link between stress response and cell competition and underscored
the delicate control of cell fate by p53.

Materials and Methods

Mice. Mice were bred and maintained under specific pathogen-free conditions.
All animal experiments were approved by the Institutional Animal Care and
Use Committee of the Model Animal Research Center, Nanjing University,
China. The Mdm2™°f°x (39) and Mdm4*'~ (25) mice were obtained from
G. Lozano from MD Anderson Cancer Center. These mice were backcrossed to
C57BL/6J background. Rosa26-LacZ, Rosa26-mTmG, Ipfi-cre, EllA-cre, UBC-
creERT2, and p53+" mice were from Jackson laboratories and maintained on a
C57BL/6J background.

X-Gal Staining. Tissue and embryo fixation, processing, and staining with
X-Gal were performed essentially as previously described (40).

Statistical Analysis. All experiments were carried out with multiple biological
replicates. Assays involving cultured cells were performed with at least three
independent replicates, and in vivo data were generated from at least three
mice or embryos per genotype unless otherwise indicated. In some instances,
representative images or results were shown. Statistical significance for
comparison of two groups was determined by Student’s two-tailed t test. The
multiple groups’ statistical significance was determined by one-way ANOVA
followed by Tukey'’s test.
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