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Temporal dissection of p53 function in vitro and in vivo

Maria A Christoph0r0u1’4, Dionisio Martin-Zancal***, Laura Soucek!, Elizabeth R Lawlor!3,
Lamorna Brown—Swigartl, Emmy W Verschuren!® & Gerard I Evan!

To investigate the functions of the p53 tumor suppressor, we created a new knock-in gene replacement mouse model in
which the endogenous Trp53 gene is substituted by one encoding p53ER™M, a p53 fusion protein whose function is
completely dependent on ectopic provision of 4-hydroxytamoxifen. We show here that both tissues in vivo and cells in vitro
derived from such mice can be rapidly toggled between wild-type and p53 knockout states. Using this rapid perturbation
model, we define the kinetics, dependence, persistence and reversibility of p53-mediated responses to DNA damage in tissues
in vivo and to activation of the Ras oncoprotein and stress in vitro. This is the first example to our knowledge of a new

class of genetic model that allows the specific, rapid and reversible perturbation of the function of a single endogenous

gene in vivo.

The very high frequency with which the p53 pathway is inactivated in
human cancers attests to the crucial and pervasive role of p53 as a
tumor suppressor. p53 differs from most other characterized tumor
suppressors in that it seems to have no substantial role in the
checkpoint management of proliferation in normal, unstressed cells!
but to have evolved specifically to integrate responses to stress and
pathological stimuli. Consistent with this idea, p53-deficient mice are
generally developmentally normal yet extremely prone to a variety of
tumors, principally lymphomas and sarcomas’.

p53 exerts a highly protean influence on diverse biological pro-
cesses, making it difficult to define the precise mechanisms by which
P53 suppresses neoplasia in any specific instance. Often, inactivation

@of p53 appears quite late during tumor evolution, suggesting that it

=% has a role in suppressing delayed aspects of tumor progression such as

angiogenesis, invasion and genome instability. On the other hand, p53
mediates induction of apoptosis and growth arrest in response to
DNA damage and oncogene activation, events required to drive the
earliest stages of tumor evolution. Our limited knowledge of how p53
suppresses tumorigenesis in tissues in vivo makes it impossible to
determine whether absence of p53 function is crucial only at specific,
transient stages of tumor evolution, such as when cells sustain acute
genotoxic injury or a genome-destabilizing crisis, or whether tumor
cells carry persistent p53-activating signals that necessitate sustained
loss of p53 function throughout a tumor’s natural history. Establishing
which of these ideas is true has profound implications for the
therapeutic utility of p53 restoration in cancer, as only cancer cells
carrying persistent p53-activating signals would be susceptible to the
tumor-suppressive influence of restored p53 function.

p53-deficient mice have proven invaluable in the study of p53
function in vivo and in determining the consequences of its absence
for tumor development. One limitation of constitutive knockout
models is that they do not allow for subsequent reversal of p53 status,
a prerequisite for understanding the temporal relationship between
genotoxic injury and tumor evolution and the role of p53 in mediating
the DNA damage response and suppressing cancers. For this reason,
we constructed a new knock-in mouse in which endogenous Trp53 is
modified to express an ectopically regulatable form of the p53 protein,
p53ER™M, These mice can be rapidly, reversibly and repeatedly
toggled between wild-type and p53-deficient states, allowing direct
examination of the temporal requirements for p53 function in
response to DNA damage or oncogenic stress in tissues in vivo and
in cells derived from such mice in vitro.

RESULTS

The DNA damage response requires 4-hydroxytamoxifen

We generated mice homozygous with respect to knock-in alleles
encoding p53ER™M (Tip53KUKT) by inserting the hormone-binding
domain of the modified estrogen receptor, ER™M (ref. 3), in-frame at
the 3’-end of the coding sequence of endogenous Trp53 (Fig. 1). In
the absence of 4-hydroxytamoxifen, Trp53X/XI mice developed various
forms of tumors. Most were lymphoid in nature, mainly malignant
and metastatic thymic lymphomas with characteristic areas of necrosis
and macrophage infiltration. The spontaneous incidence and
tumor spectrum are similar, albeit slightly delayed, to those seen in
classical p53-deficient mice of the same mixed C57BL/6 x 129/Sv]
genetic background as our Trp53KUKl mice?®> (Fig. 1d). These
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Figure 1 Generation of the Trp53%! allele and genotype analysis of Trp53K/Kl mice. (a) Schematic representation of the 3’ end of the mouse 7rp53 locus, the
targeting vector and the Trp53X! allele. Trp53 exons E5 to E11 are shown with coding sequences in black and the untranslated sequences in white. The
modified ligand-binding domain of the estrogen receptor is represented by the light gray box (ER™M), and the neo cassette, flanked by /oxP sites (black
arrowheads), as the dark gray box (ned). Also indicated is the external probe (5" probe) used to genotype the ES cell lines and mice. The 5.0-kb and 6.0-kb
bars represent EcoRV DNA fragments specific for the wild-type and Trp53X! alleles, respectively, which hybridize with the 5" probe. Relevant restriction sites
are shown: B, BamHI; RV, EcoRV; N, Ncol; H, Hindlll. (b) Southern-blot analysis of FcoRV-digested genomic DNA from wild-type mice (WT), Trp53*X! mice
(Het) and Trp53K"KI mice (Hom), hybridized with the external 5’ probe. Wild-type DNA yields a 5.0-kb fragment, Trp53X/KI DNA yields a 5.9-kb fragment
and Trp53*%! DNA yields both fragments. (c) Triplex PCR analysis of mouse genomic DNA from wild-type mice (WT), Trp53*! mice (Het) and Trp53KVKI
mice (Hom), using primers p1, p2 and p3. This amplification yields a single 1,100-bp fragment when wild-type DNA is used as template, a single 750-bp
fragment with DNA from Trp53%/Kl mice and both fragments with DNA from Trp53*X! mice. (d) Comparative survival curves for Trp53%VK! (n = 21) and

Trp537~ (n = 25) mice of similar mixed genetic background.

data indicate that, in the absence of activating ligand, p53ERTAM

has negligible activity as a tumor suppressor in tumor-prone
somatic tissues.

p53 has a crucial role in mediating pathological responses to
genotoxic insults, such as y-irradiation, by triggering growth arrest
or apoptosis in radiosensitive tissues such as intestinal epithelium,
spleen, bone marrow, thymus, tongue, testis and hair follicles®13. To
assess the dependence of such acute genotoxic responses in Trp53KUKI
mice on 4-hydroxytamoxifen, we treated 6-week-old mice with
systemic 4-hydroxytamoxifen over 48 h to establish wild-type p53

arrier alone. We then exposed mice to 5 Gy of whole body

la.l status. We treated control mice with equivalent doses of peanut oil

=" y-radiation. We collected radiosensitive tissues (spleen, thymus and

small intestinal epithelium) after 5 h, identified apoptotic cells in
histological sections using the TUNEL assay (Fig. 2a) and quantified
them (Fig. 2b). In Trp53XVKl mice pretreated with 4-hydroxytamox-
ifen, y-irradiation induced rapid and extensive apoptosis, similar to
that seen in Trp53*/* mice (Fig. 2ab). In contrast, Trp53<V/Kl mice
treated with oil alone resembled Trp53‘/‘ mice, with little radiation-
induced apoptosis (Fig. 2a,b).

To quantify further the extent of radiation-induced apoptosis, we
treated Trp53*+, Trp53t/X and Trp53XV/K! mice with 4-hydroxytamox-
ifen. We then isolated thymocytes, irradiated them in vitro with 3 Gy
of y-irradiation and assayed their viability after various times by flow
cytometry. We isolated control thymocytes from mice treated with oil
alone. As expected, Trp53*/* thymocytes showed a substantial loss of
viability after irradiation, which was unaffected by 4-hydroxytamox-
ifen treatment (Fig. 2c). In contrast, Trp53XV/Kl thymocytes showed
radiation-induced death only when isolated from mice exposed to
4-hydroxytamoxifen (Fig. 2c). Thymocytes from Trp53*/Xl mice had
the same 4-hydroxytamoxifen—independent radiosensitivity as wild-
type cells (Fig. 2c), indicating that p53ER™M, in the absence of
4-hydroxytamoxifen, has no dominant interfering effect over wild-

type p53.

To validate further the ability of p53ER™M to recapitulate wild-type
p53 functions when provided with 4-hydroxytamoxifen ligand, we
examined its ability to induce Trp53 transcriptional target genes
in vivo and in vitro. After genotoxic injury, p53 mediates the induction
of multiple genes involved in growth arrest and apoptosis (e.g.,
Cdknla and Bbc3, respectively). We therefore assayed the requirement
for 4-hydroxytamoxifen in induction of Cdknla (also called p21<iPT)
and Bbc3 (also called puma) after DNA damage. p53 was functionally
restored in Trp53X/Kl mice, which were then exposed to 5 Gy of whole
body y-irradiation. Five hours after irradiation, we collected thymi
and used real-time quantitative PCR (Tagman) analysis on total
thymus RNA to assess expression of Cdknla and Bbc3 relative to
controls. Both genes were induced in response to y-irradiation only in
Trp53</Kl mice treated with 4-hydroxytamoxifen (Fig. 3a).

Next, we assayed the ability of p53ER™M to act as a transcriptional
regulator of p53 target genes in vitro. We cultured early passage
(passage 3) mouse embryonic fibroblasts (MEFs) isolated from
Trp53X/Kl embryos in either the presence or the absence of 4-
hydroxytamoxifen and then exposed them to doxorubicin, a well-
characterized activator of p53 in MEFs!4, We then assayed expression
of the protein products of the p53 target genes Cdknla and Mdm2 in
each MEF population by immunoblot analysis. We used Trp53*/* and
Trp537~ MEFs as controls. In the presence of 4-hydroxytamoxifen,
doxorubicin induced expression of p21°P! and Mdm-2 in Trp53KUKI
MEFs to levels comparable with those in Trp53*/* cells (Fig. 3b). In
the absence of 4-hydroxytamoxifen, induction of those proteins was
greatly reduced; Mdm-2 was expressed at a level similar to that seen in
Trp53~~ MEFs. Although the amount of p21°P! was modestly elevated
relative to that in Trp537~ MEFs, perhaps reflecting some residual
low-level p53 activity in the absence of 4-hydroxytamoxifen, it was
insufficient to exert any inhibitory effect on cell cycle progression.

ER™M fyusion proteins are reversibly switchable because they
require the continuous presence of 4-hydroxytamoxifen ligand for
function. To establish the kinetics of functional deactivation of
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Figure 2 4-Hydroxytamoxifen (4-OHT) restores the p53-mediated damage response in Trp53XVKI mouse tissues in vivo and cells in vitro. (a) TUNEL
apoptosis staining on paraffin sections of thymus, spleen and small intestine from wild-type (WT), Trp53~ (KO; right) and Trp53X/Kl mice (left). For thymus
and spleen, peroxidase TUNEL staining is brown and hematoxylin nuclear counterstain is blue. For small intestine, fluorescein TUNEL staining is green and
propidium iodide nuclear counterstain is red. y-radiation—-induced apoptosis is confined to the crypts of the small intestinal epithelium. (b) Apoptosis

for spleen and thymus was quantified by counting three representative fields of 500 cells from each of three samples of mouse thymus and spleen.

(c) Propidium iodide exclusion and flow cytometry apoptotic assays of thymocytes from wild-type (WT), Trp53*K! (Het) and Trp53XVK! (Hom) mice. All data
points were normalized to unirradiated control thymocytes from the same mice (80% of the untreated cells were viable 24 h after the start of the

experiment, and 25% at 48 h).

p53ER™M after surcease of 4-hydroxytamoxifen in vivo, we treated
6-week-old Trp53X/X! mice with two daily intraperitoneal injections of
4-hydroxytamoxifen and then exposed them to 2.5 Gy of y-irradiation

e, at various times after the final injection. Five hours after irradiation,

e isolated radiosensitive tissues and assessed and quantified histo-
chemically the TUNEL-positive apoptotic cells. We included unirra-
diated mice as controls. We observed substantial apoptosis when p53
function was restored within 2 h of irradiation, but this rapidly
attenuated after withdrawal of 4-hydroxytamoxifen. In the thymus

(Fig. 4a,b) and spleen (Fig. 4c,d), the apoptotic response was largely
lost by 48-72 h after 4-hydroxytamoxifen withdrawal and completely
vanished by 120 h. Loss of the apoptotic response was even more rapid
in the small intestine (Fig. 4e,f), perhaps owing to the rapid turnover
of cells in this tissue.

These data demonstrate the continuous dependency for 4-hydro-
xytamoxifen of p53-dependent transcriptional and biological
responses to DNA damage in tissues in vivo and cells in vitro from
Trp53KUKI mice,

4-Hydroxytamoxifen renders p53ER™AM
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Figure 3 4-Hydroxytamoxifen (4-OHT) restores the p53-mediated transcriptional regulation in Trp53XVKI
mouse tissues in vivo and cells in vitro. (a) Tagman analysis of p53 transcriptional target genes on total
RNA isolated from whole thymus of Trp53%VKI mice. All data points were created by triplicate reactions
and from three individual mice. RNA levels relative to B-glucuronidase are shown. (b) Immunoblot
analysis of pb3 transcriptional targets, using whole-cell lysates from early-passage wild-type (WT),
Trp537 (KO) and Trp53KVK!I MEFs that were cultured in either the presence (ER+OHT) or the absence

(ER-OHT) of 4-hydroxytamoxifen. B-actin shows equal loading.

mice systemically with 4-hydroxytamoxifen
for various lengths of time in the absence of
any overt genotoxic insult. We then isolated
various tissues and examined them for any
4-hydroxytamoxifen—dependent changes in
architecture (hematoxylin and eosin staining;
data not shown) and apoptosis (TUNEL
staining; Fig. 2a,b). Analysis of liver, lung,
small intestine, heart, kidney, spleen, thymus
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and epidermis from Trp53X/Kl mice showed no evidence of tissue

pathology or induction of apoptosis due to 4-hydroxytamoxifen (data
not shown; Fig. 3a). Furthermore, extended (up to 30 days) treatment
of ‘unstressed’ Trp53XVKl mice with 4-hydroxytamoxifen had no
measurable impact on viability, well-being or tissue architecture
(data not shown).

p53-activating signals induced by DNA damage are short-lived

Although it is well established that p53 is a crucial mediator of the
rapid response to acute DNA damage observed in many tissues'?, it is
not certain how long such damage, or the p53-activating signals it
triggers, persists in different tissues in vivo. Because p53 competence is
so rapidly restored in tissues after systemic administration of 4-
hydroxytamoxifen to Trp53¥U/Kl mice, we were able to assess the
persistence of the damage-induced p53-activating signals in different

nction at various times thereafter.

la.l tissues in vivo by inducing acute DNA damage and then restoring p53

Figure 5 Persistence of DNA damage—induced a

120 shown in the bottom panels. Some nonspecific
stromal fluorescein stain can be seen in the
intestine. (b,d,f) Apoptosis in the above samples
was quantified by counting three representative
fields of 500 cells from each of three samples of
mouse thymus (b), spleen (d) and intestine (f).

m25Gy IR
@No IR

48 72
Time (h) after 4-OHT withdrawal

We exposed Trp53KVKl mice to a single dose of 2.5 Gy of v-

irradiation and then functionally restored p53 by systemic adminis-
tration of 4-hydroxytamoxifen 6, 24, 48, 72 and 96 h later. Abundant
apoptosis is evident by 5 h after irradiation in radiosensitive tissues of
Trp53+/* mice®, and so we monitored cell death in Trp53XVK! tissues
5 h after p53 restoration. The p53 response to radiation persisted for
only a relatively short time after the insult, although the kinetics of
persistence varied somewhat among tissues (Fig. 5). The p53-depen-
dent apoptotic response to DNA damage was undetectable above
background by 72 h after the insult in thymus (Fig. 5a,b) and spleen
(Fig. 5¢,d) and by 96 h after the insult in small intestine (Fig. 5e,f).
Therefore, p53-activating signals initiated by acute radiation injury
decay rapidly in radiosensitive tissues in vivo.

Reversible regulation of p53 status in Trp53K/K! MEFs in vitro
We next used primary MEFs derived from Trp53X/Kl mice to
explore in vitro the temporal requirements for p53 function in

(=2

N
a

W+ 4-OHT

p53 activating signal. (a,c,e) TUNEL staining of e
apoptosis in paraffin-embedded sections of | ‘
thymus (a), spleen (c) and small intestine (e) {

from Trp53KVKl mice. Times shown represent the o comrm’" ‘ ;
time of 4-hydroxytamoxifen (4-OHT) injection ‘ b
after a single irradiation insult. For thymus and

spleen, peroxidase TUNEL staining is brown and c

+4-OHT |

@ Qil control

n
o

[ £

48 72 %

TUNEL positive (%)

hematoxylin nuclear counterstain is blue. For
small intestine, fluorescein TUNEL staining is
green and propidium iodide DNA counterstain is

+4-OHT

W+ 4-OHT
12 & Oil control

red. y-radiation-induced apoptosis is confined to
the crypts of the small intestinal epithelium.
Tissue sections from oil-injected controls are 6 o4
shown in the bottom panels. Some nonspecific

stromal fluorescein stain can be seen in the €

intestine. (b,d,f) Apoptosis in the above samples
was quantified by counting three representative
fields of 500 cells from each of three samples of
mouse thymus (b), spleen (d) and intestine (f).

Oil control

+4-OHT

T\me (h)

after 25 Gy |rrad\ahon

TUNEL positive (%)

48 72 96

25 m + 4-OHT
20 B Oil control

15

10

5 . =

o L

6 96
T\me (h) after 2 5 Gy |rrad\at\on

TUNEL positive (%)

NATURE GENETICS VOLUME 37 | NUMBER 7 | JULY 2005

721



© 2005 Nature Publishing Group http://www.nature.com/naturegenetics

ARTICLES

[}
o

2.0 1
104 —a—ko 184 —— NoRev 3

——WT —e— REV

1.6 4
1.4 4
1.24
1.0 4
0.8 4
0.6 1

L

Relative cell number
(]
Cell number (x 10%)

0 2 4 6 0 2 4 6 8 10 12
Time in culture (d)
30

(2]

25{ —8— ER-OHT 12
—o— ER+OHT 104 —— NoREV

20 —s+— REV

08

06 z x I —3
o 1

0.4

Relative cell number
Cell number (x 10%)

0.2

0 2 4 6 0 2 4 6 8 10 12
Time in culture (d) Time in culture (d)

mediating responses to deregulated oncogenes and DNA damage.
One well characterized example of p53 antagonizing oncogene
activation is the potent induction of growth arrest or replicative
senescence by activated Ras in cultured MEFs'’. To explore
the dependency on 4-hydroxytamoxifen of this phenomenon in
Trp53¥UKl MEFs, we infected early-passage cells with an H-Ras
V12 retroviral vector and monitored their proliferation in the
presence or absence of 4-hydroxytamoxifen. In the presence of 4-
hydroxytamoxifen, expression of activated H-Ras triggered growth
arrest in Trp53¥VKl MEFs (Fig. 6a), accompanied by expression of
senescence-associated (SA)-B-galactosidase and progressive emergence
of cells with classic hallmarks of senescence, such as gross enlargement
and vacuolization (data not shown). In contrast, H-Ras—expressing
Trp53KV/Kl MEFs cultured without 4-hydroxytamoxifen continued
to proliferate, did not express measurable SA-B-galactosidase and
showed no signs of premature senescence. This phenotype mimics
the respective behaviors of wild-type and Trp53~~ MEFs expressing

la.l deregulated H-Ras (Fig. 6a).
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Figure 6 Response to Ras deregulation is dependent on 4-hydroxytamoxifen
(4-OHT) and reversible. (a) Growth curves of MEFs expressing activated
H-Ras V12. Wild-type, Trp53~ (KO) and Trp53K/KI MEFs that were cultured
either in the presence (ER+OHT) or absence (ER-OHT) of 100 nM
4-hydroxytamoxifen. Cells were counted and placed in culture after 48 h

of puromycin selection (day 0) and then counted every 2 d thereafter.

(b) Trp53XVKI MEFs expressing Ras V12 were propagated in the absence of
4-hydroxytamoxifen for 6 d. At day 6, the culture was split; half the cells
were seeded in medium without 4-hydroxytamoxifen (no REV), and the
other half was exposed to 100 nM 4-hydroxytamoxifen to restore p53
function (REV). Cell numbers were then determined in each culture every

2 d. (c) Trp53%VKI MEFs expressing Ras V12 were propagated in culture in
the presence of 100 nM 4-hydroxytamoxifen for 6 d. At day 6, the culture
was split; half the cells were seeded in medium containing 100 nM of
4-hydroxytamoxifen (no REV), and the other half was seeded in
4-hydroxytamoxifen—free medium (REV). Cell numbers were then
determined in each culture every 2 d.

Ras is thought to trigger p53-dependent growth arrest through
induction of the ARF tumor suppressorls. It is not known, however,
whether such p53-dependent growth arrest is an acute response to the
transition from normal to activated Ras or whether oncogenic Ras
transduces a persistent p53-activating signal. To address this issue, we
expressed activated H-Ras in Trp53XUKl MEFs in the absence of 4-
hydroxytamoxifen and allowed the cells to grow in a p53-null state for
several passages. Subsequent restoration of p53 function triggered
immediate cell cycle arrest, unambiguously showing that activated Ras
elicits a persistent p53-triggering signal in cells (Fig. 6b).

To explore whether p53 function is required to maintain Ras-
induced growth arrest, we exposed Trp53KU/Kl MEFs expressing
activated H-Ras to 4-hydroxytamoxifen for 6 d, at which time all
measurable proliferation had ceased and many cells were phenotypi-
cally senescent. We then removed 4-hydroxytamoxifen to deactivate
p53 function, after which most cells reentered the cell cycle
(Fig. 6¢c) and, thereafter, propagated indefinitely. Thus, at least in
most cells, p53 function is required to maintain Ras-induced growth
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Figure 7 4-Hydroxytamoxifen (4-OHT) determines the immortalization, senescence and ploidy states of primary p53ER™M cells. (a) Growth curves of MEFs

from wild-type (WT), Trp537 (KO) and Trp53X/KI MEFs treated with 100 nM 4-hydroxytamoxifen (ER+OHT) or ethanol control (ER-OHT). (b) SA-B-galacto-

sidase staining of the same cell types at passage 12. Pictures are taken at x 10 magnification. (c) Cell cycle profiles of the same cell populations at passage
12, obtained by flow cytometric analysis of propidium iodide incorporation by fixed cells.
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Figure 8 Late-passage, but not early-passage, cultured primary fibroblasts activate p53 in the C
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culture in the absence of 4-hydroxytamoxifen up to passage 2 (a) or passage 11 (b), and then

100 nM of 4-hydroxytamoxifen was added to the medium for one passage (3 d; REV samples,
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right). Propidium iodide incorporation is represented on the x axis. BrdU incorporation is
represented on the y axis. (c) Immunoblot analysis of p21¢iP! expression in whole-cell lysates
derived from the above cell populations at passages 3 and 12. B-actin shows equal loading.

arrest. But not all Ras-arrested cells reentered the cell cycle upon
p53 deactivation. The 6-day-old cultures of Ras-arrested MEFs
were highly heterogeneous with respect to the extent of phenotypic
senescence. Detailed videomicroscopic analysis showed that the
largest and most vacuolated Ras-arrested MEFs did not reenter
the cell cycle and remained positive for P-galactosidase upon
p53 de-activation (data not shown). These irreversibly senescent
cells were rapidly diluted by proliferating cells as the cultures
were propagated.

MEFs acquire p53-activating signals while cultured in vitro

After approximately eight or nine passages in vitro, primary MEFs
undergo proliferative arrest thought to be induced by the ill-defined
stress of growth in cultured'®. The arrest is p53-dependent, occurs
in both G1 and G2 and is characterized by expression of SA-B-
galactosidase and a senescent phenotype. By contrast, Trp537~ MEFs
do not arrest, express SA-f3-galactosidase or senesce, and by approxi-

=Te, Mately passage 12 most cells in Trp537~ MEF cultures show aberra-

ions in chromosomal number. These immortalized cells can be
propagated indefinitely.

To compare the behavior of Trp53XVKl MEFs with and without 4-
hydroxytamoxifen with that of wild-type and Trp53~ MEFs, we ex-
planted Trp53XU/KI MEFs into culture medium in either the presence or
the absence of 4-hydroxytamoxifen and propagated them. Trp53<V/KI
MEFs grown in vitro in the presence of 4-hydroxytamoxifen
resembled wild-type MEFs, undergoing growth arrest within a few
passages (Fig. 7a). The arrested cells expressed SA-B-galactosidase and
appeared morphologically senescent (Fig. 7b). In contrast, Trp53K/KI
MEFs cultured in the absence of 4-hydroxytamoxifen behaved exactly
like Trp53~~ MEFs, expanding progressively without crisis or expres-
sion of SA-B-galactosidase (Fig. 7a,b). To assess the impact of p53
functional status on genome integrity, we analyzed the DNA content
of MEFs propagated for 12 passages by flow cytometry. DNA content
of both wild-type MEFs and Trp53¥/Kl MEFs cultured in the presence
of 4-hydroxytamoxifen was confined to 2N and 4N Gl and G2
populations, with no cells in S phase or with >4N DNA content
(Fig. 7c). In contrast, Trp53~ MEFs and Trp53¥VKl MEFs cultured
in the absence of 4-hydroxytamoxifen had substantial S-phase, aneu-
ploid and polyploid populations (Fig. 7c). Thus, Trp53X/Kl MEFs
recapitulate wild-type and Trp53~ phenotypes in vitro, depending on
availability of 4-hydroxytamoxifen.

To determine whether there might be a relationship between
aberrant chromosome complement and responses of cultured MEFs
to p53 restoration, we examined the consequences of restoring p53
function to early-passage (passage 3) Trp53¥VKl MEFs, which have
ostensibly normal diploid chromosome content, and to late-passage
(passage 12) MEFs, which have largely aberrant chromosome content.
We cultured explanted Trp53¥/KI MEFs in the absence of 4-hydroxy-
tamoxifen for either 3 or 12 passages in vitro and then restored p53
function by adding 4-hydroxytamoxifen. We then monitored cell
proliferation and induction of p21°P!, Passage 3 cells were unaffected
by restoration of functional p53 (Fig. 8a), had only marginal p21¢P!
induction (Fig. 8¢c) and continued to proliferate like wild-type MEFs
until arresting around passages 6—8 (data not shown). In contrast, p53
restoration in passage 12 MEFs triggered immediate growth arrest
with loss of S-phase population (Fig. 8b). The arrest was accompanied
by strong upregulation of p21°P! (Fig. 8c). Thus, although passage 3
and passage 12 cells are both ostensibly exposed to the same incident
in vitro stresses, only late-passage cells carry constitutive signals that
engage p53 upon its restoration.

DISCUSSION

The inactivation of p53 or its attendant pathway in human cancer is
evidence of its role as a tumor suppressor. The diversity of signals that
activate p53, including DNA damage, hypoxia, nutrient privation and
oncogene activation, and the diversity of biological outcomes that
such activation can elicit (cell death, transient or permanent growth
arrest, DNA repair and suppression of invasion and angiogenesis)
have made it difficult to define when, where and why p53 acts to
suppress cancer. In particular, it is not known whether the signals that
activate p53 during tumor evolution are episodic or persistent and,
consequently, what might be the consequence of restoring p53 func-
tion in an established tumor.

To define directly the role of p53 in different tissues and at different
stages of tumor evolution, we constructed a switchable knock-in
mouse model in which endogenous p53 can be reversibly switched
between functional and nonfunctional states by modifying endo-
genous Trp53 to encode the 4-hydroxytamoxifen—dependent
p53ER™M protein®. Expression of p53ER™M is controlled by the
same orthotopic transcriptional regulatory sequences that normally
regulate Trp53 expression in each tissue in vivo, but the expressed
p53ER™M protein is functionally competent only in the presence of
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4-hydroxytamoxifen ligand. This Trp53X/Kl mouse model provides a
platform for highly specific and temporally controlled perturbation
analysis of p53 function both in mouse tissues in vivo and in explanted
primary cells derived from such tissues in vitro.

As expected, Trp53¥UK! mice in the absence of 4-hydroxytamoxifen
had a high incidence and spectrum of spontaneous lymphoma,
similar to isogenic Trp53~~ mice. In addition, radiosensitive tissues
in Trp53XVKl mice not exposed to 4-hydroxytamoxifen, such as thymus,
spleen and intestinal epithelium, were refractory to radiation-induced
apoptosis. But systemic administration of 4-hydroxytamoxifen to
Trp53XVKT mice rapidly restored p53 function in tissues, re-establishing
radiosensitivity to thymus, spleen and intestinal epithelium in as little
as 2 h after intraperitoneal administration of 4-hydroxytamoxifen (data
not shown). Similarly, p53 competence was also restored rapidly in
thymocytes and MEFs in vitro after addition of 4-hydroxytamoxifen to
the culture medium. Subsequent withdrawal of 4-hydroxytamoxifen
from mice or cells reverts them to p53-deficient status, demonstrating
the rapid and repeatable reversibility of p53 function in the Trp53KV/KI
model. Such analyses show that restoration of p53 function by 4-
hydroxytamoxifen administration does not, of itself, activate p53ERTAM
but rather renders it competent to become activated in response to
appropriate upstream damage and stress signals.

Given the proclivity of both normal and neoplastic cells in vitro and
in vivo to undergo rapid genome destabilization in the absence of p53
(refs. 20,21), it seems likely that tissues of Trp53KI/ KI mice not treated
with 4-hydroxytamoxifen would acquire an appreciable load of genetic
defects during embryonic development and postnatal life. Nonetheless,
restoration of p53 function to unstressed mice led to no measurable
P53 activation. As overtly damaged cells would be expected to respond
to p53 restoration by triggering activation of p53 target genes and p53-
associated pathologies, this indicates that they do not accumulate in
p53-deficient mice in substantial numbers. This is consistent with our
demonstration that p53 restoration triggers p53-dependent apoptosis
only within the first 48-72 h after acute radiation injury, indicating
that p53-activating signals induced by DNA damage attenuate very
rapidly in somatic cells, most probably because the damage is expedi-
tiously resolved. Thus, although p53 has previously been directly impli-

22,23

xcision repair and base excision repair machinery”~>, our data sug-

la.l cated in efficient induction of various components of the nucleotide

=" gest that absence of p53 function does not compromise efficient resolu-

tion of radiation-induced genotoxic injury in somatic cells in vivo.
There are some suggestions that fusing ER™M to p53 decreases
somewhat the dynamic range of p53 function. For example, we found
evidence of low-level basal activity in the absence of 4-hydroxytamox-
ifen ligand, exemplified by the higher basal level of p21°P! in cultured
Trp53KUKL MEFs in vitro (Fig. 3). Such basal ‘leakiness may be
responsible for the slight delay we observed in the incidence of
spontaneous tumorigenesis in Trp53X/Xl mice never treated with
4-hydroxytamoxifen when compared with isogenic Trp537 mice
(Fig. 1d). In addition, we observed a slight decrease in maximal
p21P! Jevels after addition of 4-hydroxytamoxifen to cultured MEFs,
potentially indicating that maximal p53ER™M activity is less than that
of wild-type p53. Consistent with this possibility, Tagman analysis
indicated that peak levels of the p53 target genes Cdknla and Bbc3 after
irradiation were up to two times lower in Trp53XVK tissues treated
with 4-hydroxytamoxifen than in wild-type tissues (data not shown).
But this has no measurable impact on any aspect of p53-dependent
biology that we can discern, whether it be the response to DNA
damage in vivo or to activation of oncogenes or culture stress in vitro.
For p53 restoration to exert any therapeutic effect in established
cancers, tumor cells must carry sustained p53-activating signals that

can engage the restored p53. But our data indicate that each instance of
DNA damage triggers p53 activation only transiently, suggesting that
DNA damage is unlikely to support sustained p53 activation—unless,
for example, tumor cells have irresolvable DNA lesions. In contrast to
DNA damage, activation of oncogenes is likely to be a persistent feature
of tumor cells. Although oncogenes are known to activate p53 by
means of the ARF tumor suppressor, however, it is not known whether
such activation is sustained or whether there is only a transient
response to the abrupt transition from normal to abnormal oncogene
activity in the cell. To discriminate between these two possibilities, we
established MEFs expressing constitutively activated Ras and prolifer-
ating in the absence of functional p53 and then restored p53 compe-
tence. We observed the immediate growth arrest and onset of
replicative senescence, indicating that activated Ras projects persistent
p53-activating signals in these cells. Furthermore, p53 function is
required to maintain Ras-induced arrest once established, as subse-
quent deactivation of p53ER™M triggers widespread cell cycle entry.

MEFs cultured in vitro rapidly undergo p53-dependent replicative
senescence at approximately passage 8 (equivalent to ~ 14-18 popula-
tion doublings in our 3T9 protocol). This arrest is distinct from
classical Hayflick arrest in human fibroblasts associated with telomere
erosion’* and seems to be caused by the cumulative impact of
ill-defined in vitro stresses (‘culture shock’)!°. p53-deficient MEFs
have marked genomic instability, principally centrosome amplification
and aberrant ploidy. In Trp53XVKl MEFs in vitro, both replicative
senescence and genomic instability are determined by the presence
or absence of p53, allowing us to address questions about the
timing, persistence and irreversibility of these p53-dependent phe-
nomena. Notably, restoration of functional p53 to early-passage,
diploid Trp53¥VKl MEFs induces no detectable growth arrest and
elicits only very modest induction of p53 target genes, whereas
p53 restoration in late-passage Trp53X/Kl MEFs triggers both wide-
spread arrest and potent induction of p53 targets. Thus, although both
early- and late-passage MEFs are presumably in receipt of the same
incident in vitro stresses, only late-passage cells carry p53-activating
signals. These observations argue that it is not the incident stress of
culture per se that triggers p53 activation in MEFs, but rather that the
sustained propagation in vitro promotes the onset of some cata-
strophic and irreversible event that, thereafter, propagates a constitu-
tive p53-activating signal. The p53-induced arrest of late-passage cells
is essentially irreversible upon p53 deactivation (data not shown),
quite unlike that induced by Ras activation, suggesting that activated
oncogenes are not the source of such p53-activating signals. One
alternative candidate p53 trigger in late-passage MEFs is aberrant
ploidy, which is typically linked to aberrant centrosome number, itself
a process directly monitored by p53-dependent checkpoints?>.

The data derived from both in vivo and in vitro studies using our
switchable Trp53X/Xl model shed new light on p53 biology regarding
the timing and persistence of the signals that activate p53 in normal,
damaged and neoplastic cells. Our studies define, for the first time to
our knowledge, the important kinetic distinction between DNA
damage signals, essentially ephemeral in nature, and the persistent
p53-activating signals induced by oncogenic lesions and (potentially)
aberrant chromosome complement. In the future, the Trp53Kl/ KI
model should prove invaluable in determining the relative importance
and timing of these diverse signaling modalities during different stages
of tumor evolution.

METHODS

Generation of Trp53XVKl mice. We isolated genomic clones encompassing
wild-type Trp53 from ES-129/Sv] cells. We screened a BAC-based genomic

724

VOLUME 37 | NUMBER 7 | JULY 2005 NATURE GENETICS



© 2005 Nature Publishing Group http://www.nature.com/naturegenetics

library made from ES-129/Sv] cells (Genome Systems) by PCR using oligonu-
cleotides 106660 and 106663, which were derived from exons 10 and 11 of
mouse Trp53, respectively. These oligonucleotides amplified an 800-bp DNA
fragment encompassing intron 10 of Trp53. This strategy allows for the
discrimination between clones containing the genomic locus from those
containing the Trp53 pseudogene (which would yield a 215-bp amplification
fragment). We isolated three BAC clones and analyzed them by Southern
blotting for the presence of an 11-kb BamHI DNA fragment corresponding to
the 3" end of mouse Trp53 (ref. 26). We subcloned this fragment, which extends
from intron 6 to the last exon of Trp53 and 7 kb downstream, into pBR322 to
improve its stability in bacteria. A map of the region is shown in Figure la.

Generation of the targeting vector. We subcloned a 2.1-kb HindIII fragment
corresponding to the 3’ end of Trp53, containing exons 10 and 11, into pSP72
and used it to insert the sequences encoding a modified ligand-binding domain
of the mouse estrogen receptor (ER™M), which binds 4-hydroxytamoxifen but
not endogenous estrogens’’. We fused these sequences, encoding amino acids
281-599 of the receptor, in-frame to the coding sequences of p53, introducing
three new amino acids at the junction. The ER™M sequences are followed by
the intact 3" untranslated sequences of Trp53, including its polyadenylation
signal. For selection, we introduced a loxP-flanked neo" cassette 580 bp down-
stream from the polyadenylation site of Trp53. We used the resulting 4.5-kb
HindIlI DNA fragment to replace the endogenous 2.1-kb fragment in the
context of the 11-kb genomic clone described above. We introduced a unique
Norl restriction site at the 5" end of the construct so that it could be linearized
before electroporation. The complete targeting vector is represented in
Figure 1a.

Electroporation of ES cells and selection of homologous recombinant clones.
We linearized the targeting vector and introduced it into 129/1 embryonic stem
(ES) cells, passage 9, using a Bio-Rad electroporator set at 500 uFd, 240 KV. We
selected ES cell clones in Dulbecco’s modified Eagle medium supplemented
with 15% fetal calf serum, 1,000 units mI"' LIF and 200 mg ml™' G418-
containing medium and analyzed them for homologous recombination by
Southern blotting. We analyzed DNAs from 204 independent clones by EcoRV
digestion and hybridization with a probe external to the targeting vector (5’
probe; Fig. 1a). This probe hybridizes with a 5-kb DNA fragment in wild-type
cells and with an additional 5.9-kb fragment in cells that have undergone
homologous recombination (Fig. 1b). We further characterized candidate
clones using 3’-end and neo-derived probes; we selected five homologous
recombinant clones and karyotyped them before using them to generate

r o, mouse chimeras.

C57BL/6-derived blastocysts. We backcrossed black/brown chimeric mice to
C57BL/6 mice and confirmed germline transmission of the modified Trp53X!
allele by Southern-blot analysis. No difference was evident between the two
lines, and we used one (2F7) for further study. We intercrossed Trp53™/K! mice
to obtain Trp53XVKl mice. For routine genotyping of the litters, we designed a
triplex PCR amplification protocol using oligonucleotides p1 (intron 10.1), p2
(mer550rev) and p3 (106904; Fig. 1a). This protocol yields a single 1,100-bp
fragment when wild-type DNA is used as template, a single 750-bp fragment
with DNA homozygous with respect to the Trp53X! allele, and both fragments
with heterozygous DNA (Fig. 1c).

@’ Chimera generation and breeding. We injected ES clones 2A7 and 2F7 into

Perturbation of p53ER™M status. The active ligand for ER™M is 4-hydro-
xytamoxifen, a metabolite of tamoxifen generated in the liver. 4-Hydroxyta-
moxifen rapidly equilibrates with all tissues and organs®. To restore p53 to
wild-type status in Trp53XVKl mice, we administered 1 mg of tamoxifen
dissolved in peanut oil carrier daily by intraperitoneal injection for as long as
p53 functionality was required. Control mice were given peanut oil carrier
alone. For in vitro studies, we included 100 nM of 4-hydroxytamoxifen in 100%
ethanol in the culture medium. Equivalent volumes of ethanol alone were used
in control cultures.

Cell culture. We isolated primary MEFs from wild-type, Trp537 and
Trp53KV/Kl embryos at embryonic day 13.5 and cultured them in Dulbecco’s
modified Eagle medium (Invitrogen) supplemented with 10% fetal bovine
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serum (Invitrogen) and 1% penicillin/G-streptomycin sulfate (Invitrogen).
When appropriate, we added 100 nM 4-hydroxytamoxifen (Sigma) in 100%
ethanol, or an equal volume of ethanol control, to the medium. The cells were
passaged using a standard 3T9 protocol.

Retroviral vectors and gene transfer. We introduced oncogenic H-ras (V12)
into MEFs using a pLXSP3-V12 Ras vector (a gift from P. Rodrigez-Viciana,
University of California San Francisco). We selected infected cell populations in
puromycin (2.5 pg mi™! for 3 d) and kept them in puromycin-containing
medium thereafter.

p53 target gene analysis: protein isolation. We washed cells once with
phosphate-buffered saline and lysed them in situ in SDS lysis buffer (2.5%
SDS, 0.25 M Tris (pH 6.8) in water). We collected cell lysates with a cell scraper,
boiled them at 100 °C for 2 min, passed them several times through a 21-gauge
needle and centrifuged them to shear and then pellet chromosomal DNA. We
determined the total protein concentration of each supernatant using the Bio-
Rad D¢ Protein Assay system.

Immunoblot analysis. We fractionated cell lysates (40 pg of total protein) by
SDS-PAGE and transferred them for 1 h at 200 mA to nitrocellulose membrane
(Immobilon, Millipore) using a wet transfer apparatus. We blocked Immobilon
membranes for 1 h at room temperature in 3% nonfat milk in TBS-T (TBS
with 0.1% Tween) and incubated them with primary antibody at an appro-
priate dilution at 4 °C overnight in blocking buffer. We also diluted appropriate
horseradish peroxidase—conjugated secondary antibodies in blocking buffer and
incubated them with each membrane for 30 min at room temperature. We then
washed filter membranes in TBS-T and visualized the immunolabeled proteins
using ECL (Pierce).

Antibodies. We detected p21°P! using a mouse monoclonal primary antibody
(clone SX118, BD Pharmingen) diluted 1:1,000; Mdm-2 using the mouse
monoclonal antibody 2A10 at a 1:100 dilution; and B-actin with a mouse
monoclonal primary antibody (Sigma) diluted 1:5,000. In all cases, secondary
antibody to mouse conjugated with horseradish peroxidase was used at a
1:2,000 dilution. All antibodies were diluted in blocking buffer.

Real-time quantitative PCR analysis. We extracted RNA using a Qiagen RNase
Easy kit in accordance with the manufacturer’s instructions. We determined
RNA concentration spectrophotometrically (NanoDrop) and confirmed the
quality of RNA using a Bioanalyser (Agilent Technologies). We incubated total
RNA with DNase I (DNA-free, Ambion) to remove contaminating DNA. We
then inactivated the DNase and removed it in accordance with the manufac-
turer’s specifications. We carried out control experiments with no reverse
transcriptase on all samples to confirm that genomic DNA was no longer
present. We reverse transcribed 300 ng of cleaned RNA in a 20-ml volume into
¢DNA using iScript (Bio-Rad) in accordance with the manufacturer’s specifica-
tions. We carried out quantitative PCR analysis on an AB Prism 7900 sequence
detection system (Applied Biosystems) using the fluorogenic 5" nuclease assay?’
and calculated relative expression levels as described®’. We designed assays
(using Primer Express software v1.5, Applied Biosystems) with 6-FAM fluor-
ophore at the 5" end and the quencher BHQI at the 3" end, and reactions were
optimized to have >90% efficiency. We used primer and probe concentrations
of 500 nM and 200 nM, respectively. We assayed cDNA equivalent to 3—-5 ng of
each RNA in triplicate by real-time PCR using QPCR master mix with final
concentrations of 5.5 mM MgCl,, 200 mM dNTPs and 0.5 units Hotstart
Amplitaq Gold (AB) in 20-ml volumes in a 384-well plate. For normalization,
we assayed cDNA equivalent to 3-5 ng of input RNA for ribosomal 185 RNA
and B-glucuronidase. We chose B-glucuronidase and mouse 18S as controls
because they were the least variable under our experimental conditions (data
not shown). To detect transcriptional target messages of Cdknla and Bbc3, we
used the probe and primer sets Mm00432448_ml and Mm00519268_ml,
respectively (Applied Biosystems).

Apoptosis, senescence and cell cycle assays. For 5-bromodeoxyuridine
(BrdU)-propidium iodide flow cytometric analyses, we incubated cells in
50 mM BrdU for 5 h and then incubated them with fluorescein isothiocya-
nate—conjugated mouse monoclonal antibody to BrdU (Becton Dickinson) in
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accordance with the company’s protocol. For propidium iodide cell cycle
profile analysis, we fixed cells overnight at 4 °C in 70% ethanol and stained
them with propidium iodide at 50 mg ml™. We determined thymocyte
apoptosis using flow cytometry by propidium iodide exclusion. All data points
were normalized to unirradiated control thymocytes from the same mice. We
carried out TUNEL staining of formalin-fixed, paraffin-embedded tissue
sections with the ApopTag Apoptosis Detection Systems (Chemicon Inter-
national). We used a peroxidase in situ apoptosis detection kit (Chemicon
International) for histochemical identification of apoptosis in spleen and
thymus and used a fluorescein direct in situ apoptosis detection kit (Chemicon
International) for intestinal sections. We carried out staining for SA-B-galacto-
sidase as described’!.

Induction of DNA damage in fibroblasts in vitro and mouse tissues in vivo.
We treated MEFs with doxorubicin at a concentration of 0.5 ng ml™! in the
medium for 6 h. We collected cell lysates as described above. We treated mice
with either 2.5 or 5 Gy of ionizing radiation from a Cs'¥ source.
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