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Amplification of PPM1D in human tumors abrogates p53

tumor-suppressor activity
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Expression of oncogenic Ras in primary human cells activates
p53, thereby protecting cells from transformation. We show
that in Ras-expressing IMR-90 cells, p53 is phosphorylated at
Ser33 and Ser46 by the p38 mitogen-activated protein kinase
(MAPK). Activity of p38 MAPK is regulated by the p53-
inducible phosphatase PPM1D, creating a potential feedback
loop. Expression of oncogenic Ras suppresses PPM1D mRNA
induction, leaving p53 phosphorylated at Ser33 and Ser46 and
in an active state. Retrovirus-mediated overexpression of
PPM1D reduced p53 phosphorylation at these sites, abrogated
Ras-induced apoptosis and partially rescued cells from cell-
cycle arrest. Inactivation of p38 MAPK (the product of Mapk14)
in vivo by gene targeting or by PPM1D overexpression expe-
dited tumor formation after injection of mouse embryo fibrob-
lasts (MEFs) expressing E1A+Ras into nude mice. The gene
encoding PPM1D (PPM1D, at 17q22/q23) is amplified in human

breast-tumor cell lines and in approximately 11% of primary
breast tumors, most of which harbor wildtype p53. These find-
ings suggest that inactivation of the p38 MAPK through
PPM1D overexpression resulting from PPM1D amplification
contributes to the development of human cancers by sup-
pressing p53 activation.

Activation of the p53 tumor-suppressor protein by different
stresses causes cell-cycle arrest and apoptosis™2, or may result in
a permanent cell-cycle arrest that is indistinguishable from
senescence>*. Whereas transient, p53-dependent cell-cycle arrest
after genotoxic stress may provide additional time for DNA
repair, apoptosis and senescence contribute to the suppression of
tumor induction. A distinct premature senescence is induced in
primary cells in response to super-mitogenic signals such as the
expression of oncogenic HRAS. In primary mouse cells, Ras-
induced cell-cycle arrest is completely dependent on p53; how-
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Fig. 1 Human p53 is phosphorylated at Ser33 and Ser46 after H-rasV12 infection. a, Proliferation of IMR-90 cells after no treatment, exposure to UV-C light or
infection with pBabe retroviruses expressing either a puromycin-resistance gene alone (puro) or H-rasV12 (Ras) was analyzed with MTS reagent. Average values
from three independent experiments are shown. b, Western blot showing p53 phosphorylation in IMR-90 cells, using phospho- or acetyl-specific polyclonal anti-
bodies after immunoprecipitation from extracts. Asterisks indicate nonspecific bands.
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ever, for human cells, additional mechanisms are involved34.
Nevertheless, oncogenic Ras activates p53-dependent transcrip-
tion in human cells, indicating the existence of pathways that
modulate p53 activity during hyperproliferative stimulation®.
Increased p53 protein levels after hyperproliferative stimulation
requires the p14ARF protein®, which sequesters MDM2, thus
permitting p53 accumulation. However, oncogenic Ras did not
induce p14ARF accumulation in human diploid fibroblasts such
as IMR-90 (ref. 7). Analysis of the p53 post-translational modifi-
cations that are required for its full activation! should therefore
contribute to understanding the effects of oncogenic Ras in nor-
mal human cells.

Treatment of IMR-90 primary human lung fibroblasts with
UV light (10 J/m?) resulted in substantial apoptosis (up to 50%
of cells) during the first 24 hours (data not shown), and subse-
quent arrest of cell-cycle progression that lasted for at least 3 days
(Fig. 1la). By the fifth day after exposure, however, these cells reini-
tiated cell-cycle progression, as determined by analysis of cell
growth rates and the number of cells in S phase. Cells infected
with an oncogenic H-rasV12—expressing retrovirus vector rapidly
arrested cell-cycle progression (Fig. 1a), but, in contrast to UV-
irradiated cells, these cells never reinitiated growth and thus
became prematurely senescent, as confirmed by positive staining
for senescence associated 3-galactosidase (data not shown).

The p53 protein is a crucial component of both DNA-damage
and oncogene-induced responses; the different outcomes may
result from differences in post-translational modifications induced
by each stimulus. However, the post-translational modifications to
p53 after overexpression of H-rasV12 have not been fully character-
ized. Using a panel of antibodies specific for phosphorylated or
acetylated p53, we found that UV-irradiated IMR-90 cells accumu-
lated p53 that was modified at most known sites, except Thrl8,
Ser20 and Ser37 (see Fig.1b and Web Fig. A online). By contrast,
although retrovirus-mediated expression of H-rasV12 induced p53
accumulation, in this case p53 was phosphorylated at two sites,
Ser33 and Ser46. These sites previously were shown to be phospho-
rylated by p38 MAPK after exposure to UV light®°. Mutations that
resulted in changes of both serines to alanine, inactivation of the
P38 MAPK with a chemical inhibitor or overexpression of the p38
MAPK-specific phosphatase, PPM1D, have been shown to signifi-
cantly reduce p53-dependent transcription and apoptosis®®. The
pattern of p53 modifications in IMR-90 cells after infection with an
H-rasV12—expressing retrovirus was substantially different from
that reported for replicative senescence, in which increased phos-
phorylation was also observed at Ser15 and Thr18 (ref. 10). In con-
trast to a previous report’, we did not observe significant
phosphorylation at Ser15 of p53. The increased phosphorylation
at amino-terminal sites observed in replicative senescence could
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Fig. 2 Overexpression of PPM1D abrogates apoptosis and partially reverses H-rasV12-induced cell-cycle arrest in IMR-90 cells. a, Northern blot showing PPM1D
mRNA levels in IMR-90 cells after exposure to UV light, control retroviral infection (puro) or retrovirus-mediated H-rasV12 expression. GAPD expression served as
a control. b, Analysis of p38 MAPK phosphorylation and activity. ¢, Retrovirus-mediated expression of the PPM1D phosphatase induced by H-rasV12 resulted in
decreased p53 phosphorylation at Ser33 and Ser46, as shown using phospho-specific antibodies after p53 immunoprecipitation from total cell protein extracts.
The p53 protein from A549 cells exposed to UV light served as a positive antibody control. d, PPM1D overexpression partially reversed H-rasV12-induced senes-
cence. Cell number was measured as in Fig. 1a after retrovirus infection of wildtype MEFs with vector (puro), virus expressing H-rasV12, vector and virus express-
ing PPM1D (puro+PPM1D) or virus expressing H-rasV12 and PPM1D. e, The number of cells in S phase was analyzed after pulse-labeling with BrdU on day 3 after
selection with puromycin. Apoptosis was analyzed after harvesting cells (see Methods). Percent apoptosis was determined from the cells in the bottom right (PI-
negative, annexin V—positive cells, ‘early’ apoptosis) and top right (Pl-positive, annexin V—positive cells, ‘late’ apoptosis) areas.
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result from the creation of uncapped telomeres, which may
induce a DNA damage-like modification pattern through activa-
tion of kinases involved in response to genotoxic stress. Our find-
ing that primarily Ser33 and Ser46 of p53 were phosphorylated
after infection by an H-rasV12—expressing retrovirus suggests that
many of the kinases activated in response to genotoxic stress are not
activated in this case.

To inactivate p53 and re-initiate cell-cycle progression after
stress, cells must have mechanisms that inactivate stress-activated
kinases. It has been suggested” that activation of the p38 stress
kinase is inhibited by the action of PPM1D phosphatase. PPM1D
expression is induced in response to genotoxic stress in a p53-
dependent manner!!; thus, exposure of IMR-90 cells to UV-light
induced PPMI1D mRNA accumulation, with maximum expres-
sion at 24 to 28 hours (Fig. 2a). This maximum correlated with
the decrease of phosphorylation of p53 at Ser33 and Ser46 to
basal levels by 48 hours after UV treatment. In contrast to the
dynamic changes in the phosphorylation of Ser33 and Ser46 in
response to UV light, after H-rasV12 infection phosphorylation
at these sites was constant (Fig. 1b), consistent with continuous,
steady-state phosphorylation by activated p38 MAPK. However,
no change was observed in the level of PPM1D mRNA (Fig. 2a)
after infection by the H-rasV12—expressing retrovirus, despite
the fact that p53 is activated under these conditions. Thus,
another mechanism must prevent activation of PPM1D tran-
scription after Ras overexpression, although it is not regulated by
the Raf/MEK1/Erk pathway, as treatment of IMR-90 cells with
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Table 1 ¢ Effect of PPM1D on oncogene transformation®

Genotype Retrovirus Growth in soft agar®

wildtype puro -
H-rasV12 -
Neu
Myc -
PPM1D -
H-rasV12 + PPM1D +
Neu + PPM1D +
Myc + PPM1D +
Ras + Myc ++
Ras + Neu +

Trp53~~ puro -
H-rasV12 ++
PPM1D -
H-rasV12 + PPM1D ++
Neu +++
Myc +++

aColony formation in 0.5% soft agar was determined 3 wk after infection of
wildtype or Trp53~~ MEFs with the indicated retroviral vectors. PColonies were
scored as: +, 10-30 colonies; ++, 30-100; +++, greater than 100 per well of a six-
well plate (see Methods).

the MEK1 inhibitor, PD98059, did not induce PPM1D mRNA
accumulation (data not shown). Nevertheless, we considered
whether PPM1D overexpression could overcome oncogenic Ras-
induced responses.

First, we examined the effect of PPM1D expression on p38
MAPK activity and the phosphorylation of human p53 at Ser33
and Ser46, sites modified by the p38 MAPK kinase. We
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Fig. 3 PPM1D phosphatase functions in the p38 MAPK/p53 pathway to regulate transformation in vivo. a, Early-passage (passage 2 or 3) wildtype or Mapk14-"-
MEFs were infected with E1A and H-Ras-expressing retroviruses, and cell proliferation was analyzed using the MTS test. b, BALB/CanNCr-nu male mice at 6-8 wk
were injected subcutaneously with wildtype (right side) or Mapk 14~ (left side) MEFs expressing E1A and H-ras. Four weeks later, mice were killed and the tumors
were weighed. ¢, Results of the same experiment as in b, carried out with cells expressing MYC and H-rasV12 oncogenes. d, Same as a, but MEFs were infected
with HPV-16 E6 to inactivate p53 and then with E1A and H-ras. Tumor size (right panel) was analyzed 16-20 d after injection. e, Same as a, but MEFs were
infected with PPM1D expressing virus to inactivate p38 MAPK and then with E1A and H-rasV12 virus. Tumor size (right panel) was analyzed four weeks later.

212

nature genetics ¢ volume 31 ¢ june 2002



h_l'-";l © 2002 Nature Publishing Group http://genetics.nature.com

letter

Fig. 4 PPM1D amplification, mes-

a ¢ . senger RNA accumulation and p38
: . - - - PPM1D mRNA 1 1771241 1 1313 1 121219 fold activation MAPK activation. a, Northern blot

- .- GST-ATF2-32p  showing level of PPM1D mRNA,

)] s GAPD mRNA compared with level of GAPD
C@8ses : seae §N\ NE N§ §N§ NE NF\E T_:NF\E“"\E Ng mRNA, in human tumor cell lines.

Sz o 3 < o o < B 5 o 5 2222852422 b, Southern blot showing amplifi-

e <8I5S K IZoHS SN NeAdSOoaNN cation of PPM1D after digestion of

= g_ @ % a % % 2 6 % 8 MDA-MD436 BT-474 MCF7 genomic DNA with Pvull. The same

- T
& | PPmiD
R - <
PPP1R15A
o N <
(=3 [a)
3:9ft fzzz28
ES3Ecy 605 %08
—EU)ZDDEZ(UES

observed inactivation of p38 MAPK in Ras-containing cells
after overexpression of PPM1D phosphatase (Fig. 2b). The lev-
els of PPMID mRNA were 5.3 to 7.1 times higher in PPM1D-
infected IMR-90 cells (data not shown). The p53 protein
immunoprecipitated from IMR-90 cells that were co-infected
with retroviruses expressing H-rasV12 and PPM 1D showed lit-
tle, if any, phosphorylation at Ser33 or Ser46, compared with
cells infected with the H-rasV12—expressing virus alone (Fig. 2c¢).
In agreement with previously published data!!, we found that
PPMI1D phosphatase did not directly dephosphorylate p53 at
Ser33 and Ser46 in vitro, indicating that the in vivo effect of
PPM1D on p53 phosphorylation is indirect and results from inac-
tivation of p38 MAPK. Unexpectedly, the p38 MAPK chemical
inhibitor, SB202190, which inhibits two of the p38 MAPK iso-
forms (0 and [3), failed to reduce p53 phosphorylation at Ser33
and Ser46 in IMR-90 cells expressing H-rasV12 (data not shown).
Similar results were described previously for the UV-induced
phosphorylation of p53 at Ser46 (ref. 9), indicating a role for
SB202190-insensititive isoforms of p38 in regulating p53 phos-
phorylation. H-rasV12 and PPM1D co-infected cells also showed
an intermediate growth rate, compared with IMR-90 cells
infected either with a control retrovirus expressing only a
puromycin-resistance gene (puro®) or with the PPM1D-express-
ing virus alone (Fig. 2d). Further analysis of BrdU-positive cells
revealed that PPM1D overexpression only partially prevented
Ras-induced cell-cycle arrest (Fig. 2e); however, oncogene-
induced apoptosis was almost completely abrogated in IMR-90
cells expressing PPMI1D and Ras (Fig. 2e). Thus, expression of
PPMID in IMR-90 cells abrogated p53 phosphorylation at Ser33
and Ser46, protected cells from Ras-induced apoptosis and also
partially prevented cell-cycle arrest induced by H-rasV12, which
is consistent with the fact that this arrest is only partially depen-
dent on p53 in human cells>4.

Proteins that inactivate p53 are potential proto-oncogenes. To
determine whether PPM1D has oncogenic potential, we co-
infected retroviruses containing PPMI1D and different onco-
genes, including H-rasV12, MYC or NEUI, into wildtype MEFs
and then analyzed anchorage-independent growth and ability to
form foci in soft agar (see Table 1 and Web Fig. B online). In both
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blot then was probed with the
PPP1R15A ¢cDNA to provide a sin-
gle-copy gene internal control.
¢, Activation of p38 MAPK in breast
cell lines with (BT474 and MCF7) or
without (MDA-MB436) PPM1D
amplification 30 min after irradia-
tion of cells with different doses of
UV-C light, determined as in Fig. 2b.
d, BAC clone RP11-634F5, repre-
senting PPM1D, was labeled with
SpectrumOrange-dUTP and hybrid
ized to a tissue microarray contain-
ing primary breast tumor speci-
mens'8, An example of a tumor
specimen with PPM1D amplifica-
tion (red signals) is shown. The
nuclei were stained with 4',6-
diamidino-2-phenylindole (blue).

assays, PPM1D complemented H-rasV12 for transformation of
wildtype MEFs, confirming that PPMID is a proto-oncogene.
Overexpression of PPM1D also complemented MYC and NEUI
(Table 1), indicating the potential importance of PPMID for a
wider range of tumors.

One mechanism through which PPMI1D may function in
combination with Ras is by preventing activation of p38 MAPK
(Fig. 2b)°. The p38 MAPK protein is involved in several growth
inhibitory activities, as it regulates cyclin D levels, p53 activa-
tion and the activity of Cdc25B phosphatase®!2. Inactivation of
the kinase by PPM1D would thus prevent p38 MAPK-medi-
ated growth inhibition. To characterize the pathway that is cru-
cial for PPM1D-induced transformation in vitro, we considered
whether PPMID could transform Trp53~/~ MEFs, as was the
case for H-rasV12 expression. However, neither colony forma-
tion nor growth in soft agar (see Table 1 and Web Fig. B online)
was observed after infection of Trp537~ MEFs with PPMID-
expressing virus, indicating that PPM1D overexpression did
not cause cell transformation. This result suggests that p53 and
PPM1D function in the same pathway for cell transformation
and supports the idea that p53 is a primary target for PPM1D in
the induction of in vitro transformation caused by H-rasV12.

As escape from cell-cycle arrest, apoptosis and senescence
controls are required for oncogene-induced cellular transfor-
mation in vivo, we examined the effect of PPM1D expression
on the tumorigenic potential of Mapk14~'~ MEFs. Wildtype and
Mapki14~~ MEFs were infected with retroviruses encoding the
adenovirus E1A-12S gene and activated H-rasV12. Co-expres-
sion of both oncogenes results in few, if any, tumors after injec-
tion of wildtype MEFs into nude mice. However, if p53 activity
is suppressed, tumor formation is facilitated'®. Expression of
E1A and Hras mRNA, as quantified by dot-blot hybridization,
was similar for both wildtype and Mapkl4~/~ retrovirus-
infected MEF cells (data not shown), as were their growth rates
in culture (Fig. 3a). We found relatively few tumors when wild-
type cells expressing both oncogenes were injected into nude
mice (5 tumors/15 mice), but most animals injected with
Mapk147'~ MEFs expressing both oncogenes developed tumors
(13 tumors/15 mice; Fig. 3b,c). Moreover, the tumors produced
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by El1A+Ras—transformed Mapkl4~~ MEFs were substantially
larger than those from mice injected with E1A+Ras—transformed
wildtype MEFs (Fig. 3b,c). Similar data were obtained with cells
expressing the MYC and H-rasV12 oncogenes (Fig. 3c). These
findings demonstrate that p38a is required to suppress tumor
formation in vivo.

If p38 MAPK functions through the p53 tumor-supressor
pathway, removing p53 through expression of HPV-16 E6 should
eliminate the difference in the abilities of oncogene-expressing
wildtype and Mapki47~ MEFs to form tumors. Indeed, when
both cell types were infected with HPV-16 E6 and then with
E1A+Ras oncogenes, no significant difference in tumor appear-
ance and size was found between wildtype and Mapkl4~~ cells
(see Fig. 3d and Web Fig. C online). We then introduced PPM1D
phosphatase into E1A+Ras MEFs and monitored tumor forma-
tion after injection of nude mice. Similar to HPV-16 E6, overex-
pression of PPMI1D phosphatase significantly reduced the
difference in tumor formation between wildtype and Mapki14~/~
MEFs (see Fig. 3e and Web Fig. C online). These data suggest that
PPMID, p38 MAPK and p53 function in the same pathway to
regulate tumor formation in vivo.

To determine whether PPMI1D is required for tumor suppres-
sion in human tissues, we analyzed PPMID mRNA expression
levels in 64 human tumor cell lines (see Web Table A online)!4.
Compared with IMR-90 cells, levels of PPM 1D mRNA were 4.7 to
9.4 times higher in the 4 breast-tumor cell lines MDA-MB361,
BT474, MCF-7 and KPL-1; data for BT474 and MCF-7 and 8 lines
with normal PPM1D mRNA levels are shown in Fig. 4a. In all
cases, the size of the PPMI1D mRNA, as determined by northern-
blot analysis, was the same as that predicted (2.9 kb), confirming
that the gene product is not grossly altered in tumors. In addition,
the sequence of the PPM1D ¢DNA from MCF7 and several other
tumor cell lines, obtained after RT-PCR of total RNA, was unal-
tered (data not shown).

We localized PPM1D to chromosome 17q22/q23 by FISH
analysis (data not shown), which is consistent with the location
of the gene within the draft sequence of the human genome. The
chromosomal region 17q22/q24 is frequently amplified in pri-
mary breast tumors!>. Moreover, this amplification has been
associated with a poor prognosis for individuals with breast can-
cer, suggesting that genes affected by this amplification may be
important in breast cancer progression. Southern-blot analysis
of genomic DNA after digestion with Pvull showed that PPM1D
was amplified in the breast-cancer cell lines with elevated
PPM1D mRNA levels, but not in several other cell lines with nor-
mal levels of PPM1D mRNA (Fig. 4b). The amplification pattern
of the digestion fragments indicates that the structure of PPM1D
was not altered in the tumor cell lines tested; thus, the amplicons
should contain several full copies of the gene encoding PPM1D.

Consistent with the role of PPM1D phosphatase in negative
regulation of p38 MAPK (Fig. 2b)°, UV-induced early activation
of p38 MAPK was significantly attenuated during the first 30 min-
utes in breast cell lines in which the PPM1D gene was amplified
and overexpressed (BT-474 and MCF7), compared with a breast
cell line (MDA-MB435) without PPM 1D amplification (Fig. 4c).
Nonetheless, p53 in MCF7 cells was still phosphorylated at Ser33
and Ser46 after UV radiation, implying that several kinases could
regulate phosphorylation of these sites after DNA damage!®17.

To assess the significance of PPM1D expression in human can-
cer, we extended our analysis to human primary breast tumors by
determining PPM1D amplification with tissue microarray tech-
nology'8. This analysis showed that the PPMID region was
amplified in 37 of the 326 (11.3%) tumors tested (Fig. 4d). To
confirm the connection between PPMID amplification and
mRNA levels, we quantified the relative level of PPMI1D mRNA
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in total RNA from 11 tumor samples using real-time PCR. Over-
expression of PPMID mRNA was confirmed for seven of the
eight samples containing PPMI1D amplification. None of three
tested tumors without PPM1D amplification showed an increase
in PPMID mRNA levels. Subsequent analysis of the p53
sequence after RT-PCR showed that only one tumor with ampli-
fied PPM1D had a mutation (cgc — cac at codon 174; Arg - His),
suggesting that PPMID amplification occurs commonly in
tumors containing wildtype p53.

Whereas TP53 is inactivated by mutation in approximately
half of all human tumors, p53 function is widely believed to be
abrogated in most, if not all, tumors, including those with wild-
type TP53 (ref. 19). However, the mechanisms that prevent p53
activation in these cases are incompletely characterized. Previous
studies showed that silencing of CDKN2A by methylation®’,
deletion of a portion of CDKN2A (ref. 21) or amplification of
MDM? (ref. 22) are common mechanisms responsible for inacti-
vating wildtype p53 in human tumors. In addition, p53 may be
kept in an inactivated state in some tumors, including those from
breast, colon and neural tissues, by cytoplasmic sequestration or
silencing of its expression?>24, Several types of tumors do not fall
into the above categories, however, suggesting the existence of
additional mechanisms. The data presented here indicate that
PPMID overexpression prevents phosphorylation of p53 at
Ser33 and Ser46, inhibiting its activation in H-rasV12—trans-
fected cells. PPM 1D overexpression thus rescues cells from apop-
tosis and partially from cell-cycle arrest induced by H-rasV12,
promoting cell transformation in vitro and in vivo. In agreement
with a role for PPM1D phosphatase as a positive regulator of
proliferation, cells established from Ppmld”/~ mice show
decreased proliferation rates*> and have p38 MAPK constitu-
tively phosphorylated at activating sites (see Web Fig. D online).

The gene PPM1D is amplified and overexpressed in some human
breast tumors with wildtype p53. Although we do not completely
exclude other possible targets, our results support the hypothesis
that PPM1D phosphatase is a candidate proto-oncogene that may
be involved in tumorigenesis through inactivation of p53. Though
HRAS mutations are quite rare in breast cancer, we show that
PPMID also complements other growth-promoting oncogenes,
including NEUI, which is amplified and overexpressed in about
50% of breast tumors?®, further supporting the significance of our
findings with respect to the mechanisms by which p53 is inacti-
vated in human tumors. Our findings as well as those of Li et al.?’
indicate that, similar to MDM2 amplification, amplification of
PPM1D contributes to the development of human cancer. PPM1D
thus represents a promising new target for cancer therapy.

Methods

Cell cultures and retrovirus infection. IMR-90 primary cells (ATCC
CCL-186), mouse embryo fibroblasts (MEFs) and Phoenix Eco/Ampho
packaging cell lines were grown in Dulbecco’s modified Eagle’s medium
(DME) with 10% fetal calf serum at 37 °C in a humidified atmosphere of
5% CO, in air. Cell lines from the National Cancer Institute screening
panel'* were grown either in DME or RPMI medium. For retrovirus
production, we transfected packaging cells with the designated plasmids
using Lipofectamin2000 reagent (GIBCO/Invitrogen) and infected tar-
get cells as described previously®. We used cells for experimentation
(day 0) after selection for 4 d in the presence of 2 Ug ml~! puromycin.
Cell growth was analyzed using the MTS reagent (3-(4,5-dimethylthia-
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2- (4-sulfophenyl)-2H-tetra-
zolim, inner salt, Promega). We determined the number of cells in S
phase after BrdU labeling as described?S.

Plasmids. We cloned PPMID cDNA into the PINCO vector using
BamHI/Notl sites. pBabe-puro and pBabe-H-rasV12 vectors were provid-
ed by S. Lowe (Cold Spring Harbor Laboratory). The IRES c-myc (human)
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retrovirus vector pBabeMNIRESgfpmyc?® was provided by L.Z. Penn
(Toronto Univ.), and pBabe-c-neu (rat)>® was obtained from P. Sicinski
(Dana-Farber Cancer Institute).

Analysis of p53 and p38 phosphorylation. We analyzed p53 phosphoryla-
tion after p53 immunoprecipitation of 1 mg of protein extract as
described’!. Affinity-purified, phosphorylation site-specific antibodies
have been described or were purchased from a commercial supplier (New
England Biolabs).

We analyzed p38 MAPK phosphorylation using a phospho-specific
antibody that specifically recognizes the phosphorylated, active form of
p38 MAPK. We determined kinase activity with a kit that is specific pri-
marily for the p38a isoform (Cell Signaling Technology).

Colony formation assay and cloning in soft agar. Suppression of colony
formation was determined 2-3 wk after infection of MEFs in 100-mm
dishes with the designated retroviruses. Colonies were selected with 500 g
ml™! G418, then fixed and stained with 0.1% crystal violet. For soft agar
cloning, we seeded 20,000 puromycin-selected, infected cells in 0.5% agar
into each well of 6-well plates. Samples were analyzed in triplicate.

Real-time PCR and mRNA analysis. We extracted total RNA from 11 pri-
mary breast tumors using the RNeasy kit (Qiagen). We determined
PPM 1D mRNA levels relative to those for GAPD and PPPIR15A in prima-
ry breast tumors after reverse transcription coupled to the real-time PCR
(primers available upon request) using an ABI PRISM 7700 Sequence
Detection System and the SYBR Green PCR Master Mix. We analyzed
mRNA levels in the panel of human tumor cell lines using a dot-blot proce-
dure; polyU served as a control for relative mRNA content.

Analysis of p53 for mutations. To verify the p53 sequence in primary
breast tumors, we amplified cDNAs obtained after reverse transcription
and sequenced both strands of the PCR products.

Tissue microarray analysis of PPM1D. We used the BLASTN program to
localize PPM1D to three overlapping BAC clones (RP11-15E18, RP11-
634F5 and RP11-1081E4) in the draft human genome sequence that map
to 17q23. BAC clone RP11-634F5, representing PPM1D, labeled with
SpectrumOrange-dUTP, and a centromere-specific, SpectrumGreen-
dUTP-labeled chromosome 17 probe were hybridized to a tissue microar-
ray containing primary breast tumors'®. Nuclei were stained with 4°, 6-
diamidino-2-phenylindole. Tumor samples with at least a threefold
increase in the number of PPM1D signals, as compared with chromosome
17 centromere signals, were considered to be amplified.

All tumor specimens evaluated were anonymous, archival tissue speci-
mens. The use of these specimens for retrospective analyses was approved
by the Ethics Committee of the University of Basel, and their use for tissue
microarray analysis was approved by the Institutional Review Board of the
National Institutes of Health.

Note: Supplementary information is available on the Nature
Genetics website.
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