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Strong evidence has indicated that protein phosphatase 2A (PP2A) is a tumor suppressor, but a mouse
model for testing the tumor suppressor activity was missing. The most abundant forms of trimeric PP2A
holoenzyme consist of the scaffolding A� subunit, one of several regulatory B subunits, and the catalytic C�
subunit. A� mutations were discovered in a variety of human carcinomas. All carcinoma-associated mutant A�
subunits are defective in binding the B or B and C subunits. Here we describe two knock-in mice expressing
cancer-associated A� point mutants defective in binding B� subunits, one knockout mouse expressing trun-
cated A� defective in B and C subunit binding, and a floxed mouse for generating conditional A� knockouts.
We found that the cancer-associated A� mutations increased the incidence of cancer by 50 to 60% in lungs of
FVB mice treated with benzopyrene, demonstrating that PP2A acts as a tumor suppressor. We show that the
effect of A� mutation on cancer incidence is dependent on the tumor suppressor p53. The finding that the A�
mutation E64D, which was detected in a human lung carcinoma, increases the lung cancer incidence in mice
suggests that this mutation also played a role in the development of the carcinoma in which it was discovered.

Protein phosphatase 2A (PP2A) plays a role in many fun-
damental cellular processes, such as signal transduction, DNA
repair, transcription, translation, and growth control (15, 24,
26, 43, 77). The basis for this multifunctionality of PP2A rests
on the large number of subunits that control its phosphatase
activity, substrate specificity, and subcellular localization. The
trimeric holoenzyme is composed of a catalytic C subunit, a
scaffolding A subunit, and one of many regulatory B subunits.
The dimeric core enzyme consists of one A and one C subunit.
Both forms coexist in cultured cells and in tissue (5, 30, 42).
The A subunit exists as two isoforms, A� and A�, which are
87% identical. The catalytic C subunit also exists as two iso-
forms, C� and C�, which are 96% identical. The B subunits fall
into four families designated B, B�, B�, and B�. The B or PR55
family has four members, the B� family (also designated B56 or
PR61) consists of five isoforms and additional splice variants,
and the B� or PR72 family has four members, including splice
variants. B, B�, and B� are largely unrelated by sequence except
for two common regions involved in binding to the A subunit
(34). The B� family has two members, striatin and S/G2 nuclear
autoantigen (40). The combination of all subunits could give
rise to over 70 different holoenzymes. In addition, the ability of
PP2A to associate with approximately 150 other proteins fur-
ther increases its regulatory potential (15, 24, 26, 42). Figure 1
shows a schematic diagram of the B�-containing holoenzyme
whose structure has been revealed by biochemical analysis (53,
56) and X-ray crystallography (9, 19, 44, 78, 79).

The first indication that PP2A might be a tumor suppressor
came from the finding that okadaic acid is both a tumor pro-

moter and an inhibitor of PP2A (18, 25, 43, 69, 77). Subse-
quently, it was discovered that the simian virus 40 (SV40) small
tumor antigen, SV40-ST, polyomavirus small tumor antigen
(Py-ST), and Py middle tumor antigen (Py-MT) associate with
PP2A by replacing B subunits (49, 57, 73). This association is
essential for the transforming activity of the viral tumor anti-
gens, suggesting a link between transformation and inhibition
or modification of PP2A activity (3, 45, 49, 57, 73). Evidence
that PP2A plays a role in human cancer came from the dis-
covery that A� and A� are mutated in a variety of human
malignancies, including cancer of the breast, lung, colon, skin,
and ovaries (6, 27, 70, 74). Importantly, all A� and most A�
cancer-associated mutant proteins are defective in binding B
or both B and C subunits (7, 54, 55). Two A� point mutants,
E64G discovered in a breast carcinoma and E64D in a lung
carcinoma, are strongly defective in binding B�� subunits,
whereas binding of B� and B� is normal. These findings raised
the questions of whether loss of binding B�� to A� causes loss
of tumor suppressor activity and whether B�� itself or the B��
holoenzyme is a tumor suppressor (7, 55). Strong support for
the idea that the B�� holoenzyme has tumor suppressor activity
comes from the finding that suppression of B�� in human
embryonic kidney cells promotes growth in agar and tumor
formation in mice. In addition, it was shown that B�� is not
expressed in various human lung cancer cell lines and that
overexpression of B�� in these cells partially reverses their
carcinogenicity (8). Furthermore, a reduced amount of B��
was found in a human melanoma (14), and a truncated form of
B�� was discovered in B16 mouse melanoma cells, which have
an enhanced metastatic potential compared to cells with nor-
mal B�� (23). Thus, the presumed tumor suppressor function
of the B�� holoenzyme might be destroyed either by mutations
of the A� subunit rendering it unable to bind B�� or by mu-
tating B��.
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An important discovery was that SV40-ST is required for the
transformation of primary human cells in combination with
SV40 large T antigen, H-ras, and telomerase (20, 80). The
transforming function of SV40-ST depends on its ability to
replace B�� from the holoenzyme. Thus, it is likely that B��
holoenzyme is a form of PP2A with tumor suppressor activity.
This activity is obliterated when SV40-ST replaces B�� on the
A subunit. Conversely, overexpression of B�� reverts SV40-ST-
dependent transformation (7, 8). It has also been reported that
a 50% reduction of A� expression in HEK293 cells leads to a
reduction of B�� holoenzyme levels and increased tumor for-
mation in immunodeficient mice (7). We reported a 10-fold
reduced expression of A� in 43% of primary human gliomas,
suggesting that PP2A might be a tumor suppressor in glial cells
(11).

Further evidence that PP2A is a tumor suppressor comes
from the discovery that the B�� holoenzyme plays a key role in
Myc degradation (2) and from the identification of an inhibi-
tor, CIP2A, which binds to PP2A and Myc, thus preventing
PP2A from dephosphorylating Myc at serine 62, a prerequisite
for Myc degradation (28). Another PP2A inhibitor, SET, in-
duced by the BCR/ABL kinase, causes marked reduction of
PP2A activity in cells from chronic myelogenous leukemia pa-
tients. Importantly, restoring PP2A activity suppresses BCR/
ABL activity by inducing its degradation (46, 50). Recently,
evidence was provided that the A�-holoenzyme can also func-
tion as a tumor suppressor (58).

Mouse models are powerful tools for studying the func-
tions of tumor suppressor proteins and their ability to coun-
teract oncogenes (35). Based on the A� mutations discov-
ered in human carcinomas (6), we generated the following
mouse strains: E64D/�, expressing the E64D mutation
found in human lung carcinoma; E64G/�, expressing the
E64G mutation found in a breast carcinoma; F5-6/�, har-
boring a floxed A� allele for conditional knockout; �5-6/�,
expressing the A� knockout allele in the germ line. In the
present report, we describe the construction and properties
of these new strains. We also demonstrate that PP2A is a
tumor suppressor and that the A� mutations that were dis-
covered in human lung and breast carcinomas cause loss of
PP2A tumor suppressor activity.

MATERIALS AND METHODS

Gene targeting. To introduce the point mutation E64D into the A� gene
(accession number ENSMUST00000007708), a targeting construct was assem-
bled using plasmid pFlox�tk, generously provided by Steven Hedrick (10).
pFlox�tk contains a loxP-flanked neomycin selection cassette plus a third loxP
site. Using genomic DNA of R1 embryonic stem (ES) cells of strain 129, a
BamHI-flanked DNA fragment was synthesized by high-fidelity PCR (PfuUltra;
Stratagene) introducing an NheI site into exon 3 (Fig. 2A and 3) and reaching
about 200 bp into intron 3. This fragment was cloned into the BamHI site of
pFlox�tk. Then, a XhoI site was placed 5� of the 5� homology arm reaching from
before exon 2 into exon 3, introducing the E64D mutation and NheI site shown
in Fig. 2A and 3. Cloning this XhoI-NheI fragment into pFlox�tk replaced the
third loxP site. Finally, an XhoI site was placed 5� of the 3� homology arm
encompassing most of intron 3, reaching into exon 9, and ending on a new SfiI
site. This XhoI-SfiI fragment was cloned into the SalI and SfiI sites of pFlox�tk,
thereby destroying both the SalI and XhoI sites. The finished targeting construct
was sequenced, linearized with XhoI (cutting the site 5� of the 5� arm, shown to
the right of the vector backbone in Fig. 2A), and electroporated into R1 ES cells
(strain 129) by the Transgenic Mouse Core facility at UCSD. By screening 252
neomycin-resistant colonies with primers A	 and 
D (Fig. 2A and B and 3), 46
clones were found to be positive (18% targeting efficiency). Clones considered
for injection into blastocysts were validated in two ways. To ensure intact loxP
sites, DNA surrounding the 5� and 3� loxP sites was amplified and sequenced. To
ensure that the targeted allele expressed the intended point mutation without
additional deviations from the wild-type A� sequence, E64D mRNA was se-
quenced as described in the legend to Fig. 3. Chimeras were obtained from two
ES cell clones. They were crossed with 129S6/SvEvTac mice, and about 1/2 of the
offspring were positive with primers A	 and 
D, demonstrating germ line
transmission of the E64Dneo targeted allele as well as viability of heterozygous
mice. The neo cassette was removed by breeding with a Cre deleter mouse,
prion-Cre in strain 129S6/SvEvTac, generously provided by Anthony Wynshaw-
Boris (59).

The targeting construct for the E64G mouse was derived from the E64D
construct by site-directed mutagenesis (QuikChange II XL using PfuUltra; Strat-
agene), changing codon GAC for D to codon GGC for G (Fig. 3). Instead of
D-specific primers 
D and D	, shown in Fig. 2A and 3, corresponding G-spe-
cific primers 
G and G	 were used for screening (Fig. 3 and Table 1).

To generate the conditional A� knockout mouse, a targeting construct was
designed that surrounded exons 5 and 6 with loxP sites (F5-6). The construct is
based on pSniper_FL and was assembled by Ozgene by first inserting a fragment
containing the 5� loxP site and exons 5 and 6 upstream of an FRT-flanked neo
cassette followed by the 3� loxP site, then introducing the 5� arm containing exons
3 and 4, and finally adding the 3� arm spanning exons 7 to 11 (Fig. 4). One
F5-6neo chimera was shipped to us and crossed with a Flpe deleter mouse
(catalog number 003946; The Jackson Laboratory) (16). Pups were screened for
the absence of the neo cassette by using primers P	 and 
I. A�-floxed pups,
F5-6, were then bred with the prion-Cre deleter mouse and yielded A� knockout
mice, �5-6.

All mice were backcrossed to FVB/NCrl (catalog number 207; Charles River
Laboratories), screened for the absence of the Cre transgene, then further
backcrossed, and currently are at N11 or above. All mouse work was performed
in accordance with federal and local standards and was approved by the IACUC
at UCSD.

PCR. PfuUltra was used to synthesize targeting constructs and fragments for
sequencing, and PfuUltra or PfuTurbo (Stratagene) was used for screenings.
Screening reaction mixtures of 50 �l contained the 10� buffer supplied, a 200
�M concentration of each deoxynucleoside triphosphate, 300 nM each primer,
1.5 U of Pfu, and 60 ng tail DNA. Tail DNA was isolated using Omega Bio-Tek’s
tissue DNA kit. We ran one cycle at 94°C for 3 min, 39 cycles consisting of 94°C
for 30 s, 56°C for 30 s, and 72°C for 8 min, followed by a final cycle at 72°C for
24 min. Repetitive sequences in the A� gene were identified with the software
tool CENSOR (girinst.org/censor) (29) and avoided as targets for primers. Prim-
ers for screening are shown in Table 1.

Embryo and yolk sac preparation. A �5-6/� female was set up with a �5-6/�
male in the evening, the male was removed the next morning, and females with
plugs (embryonic day 0.5 [E0.5]) were used to harvest uterine horns 10 days later
(E10.5). The uteri were washed in ice-cold phosphate-buffered saline (PBS), and
implantation sites were individually dissected under a stereomicroscope. Em-
bryos were removed and rinsed in PBS. When harvesting yolk sacs, the section
attached to maternal tissue was cut off. Yolk sacs were rigorously rinsed in PBS
to remove any maternal contaminants. Yolk sacs or embryos were placed into
200 �l of buffer TL with proteinase OB of Omega Bio-Tek’s tissue DNA kit,

FIG. 1. Diagram of PP2A holoenzyme containing B��. The B��
subunit binds to intrarepeat loops 2 to 8, and the C� subunit binds to
intrarepeat loops 11 to 15. Amino acid E64 of A� binds to L309 of the
C-terminal tail of C�. E64 mutants are found in human lung and
mammary carcinomas and are defective in B� binding. R183 of A�
interacts with E214 of B�. R183 mutants were found in ovary carcino-
mas and are predicted to be defective in B� binding.
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frozen on dry ice, and stored at 
20°C until further processing according to
Omega’s protocol for tail DNA. Due to their small mass, yolk sacs yielded DNA
at low concentrations (4 to 20 ng/�l). Nonetheless, 60 ng was used per PCR
screening reaction mixture (see Fig. 6, below).

Tamoxifen-inducible Cre mouse. Hayashi and McMahon generated a trans-
genic mouse (CreER) ubiquitously expressing Cre fused to a mutant estrogen
receptor (ER) that binds tamoxifen (TM) but not endogenous estrogen (21).
CreER is restricted to the cytoplasm until application of TM leads to nuclear
translocation, enabling recombination to be carried out by Cre, which converts
the F5-6 allele into the �5-6 allele. The CreER mouse was obtained from The
Jackson Laboratory (catalog number 004682). TM (catalog number T5648;
Sigma-Aldrich) was dissolved in corn oil to 25 g/liter and stored as 1-ml aliquots
in liquid N2. TM was injected intraperitoneally once per day on five consecutive
days. Wild-type mice survived 0.1 mg TM per g of body weight, barely survived
0.2 mg/g, and succumbed to 0.3 mg/g. Therefore, 0.1 mg TM/g of body weight was
chosen for the experiments, about 1/2 the maximum dose reported by Hayashi
and McMahon.

Organ lysis and Western blotting. Mice were sacrificed using CO2. Organs
were removed, rinsed in PBS, and placed into ice-cold PBS until all organs were
harvested. Approximately 40 mg was cut off, weighed, placed into a 5-ml round-
bottom tube, and stored on dry ice until all organs were weighed. Per mg of
organ, 50 �l of TCEP-SB was added (25 mM TCEP-HCl [catalog number 20490;
Pierce], 2% SDS, 5% glycerol, 50 mM Tris [pH 6.9]). TCEP-SB permits an easy
protein assay (see below), but samples turn acidic upon long-term storage or
repeated freeze-thawing. The organs were homogenized at 8,000 rpm for 1 min
by using a tissuemizer, Ultra-Turrax T25, with a rotor-stator generator of 8 mm
outer diameter. Aliquots (1,200 �l) of the homogenates were pipetted into
microcentrifuge tubes and placed onto dry ice until frozen, then heated to 95°C
for 4 min. Insolubles were spun out at 14,000 � g and 25°C for 5 min, then 805
�l of the supernatants was transferred into new tubes and 5 �l was diluted in
1,000 �l water for absorbance determination at 200 nm (A200). Bovine serum
albumin (BSA) amounts of 2 to 32 �g in 5 �l TCEP-SB and 1,000 �l water were
used to generate standard curves. All samples were adjusted to 1.5 g/liter, 3 �l
saturated BPB was added per 100-�l sample, and 10 to 20 �g was loaded onto
SDS-PAGE gels. Proteins were transferred onto polyvinylidene difluoride mem-

branes (Immobilon-P; Millipore). Membranes were blocked in TBST (10 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 0.2% Tween 20) containing 3% BSA (BP1600;
Fisher). Primary antibodies were diluted in TBST with 3% BSA and 0.03%
sodium azide. After use, they were stored at 4°C and reused numerous times. The
blocking solution was used again with horseradish peroxidase-labeled secondary
antibodies and then discarded. The membranes were developed by enhanced
chemiluminescence using SuperSignal West Pico (Pierce).

The following antibodies were used: rat monoclonal antibody 6F9, recognizing
human and mouse A� but not A� (30); anti-B�� (A301-100A; Bethyl); anti-B��
(A300-967A; Bethyl); rabbit anti-B� (30); anti-glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) 14C10 (2118; Cell Signaling); anti-�-actin (A5441;
Sigma).

Quantitation of Western blot bands was achieved by loading dilution series of
samples. Bands in question were compared to bands of the dilution series by
using appropriate film exposures. A dilution series was made for each antibody.

Organ extraction and immunoprecipitation. For organ extraction, approxi-
mately 30 mg of organ was cut off, weighed, frozen in liquid N2, transferred into
an ice-cold mortar, and ground with an ice-cold pestle. Homogenization buffer
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 3 mM MgCl2, 1 mM dithiothreitol
[DTT], 1� HALT protease inhibitor cocktail, 1� HALT phosphatase inhibitor
cocktail, 1 �M okadaic acid) was added (30 �l per mg of organ). DTT was added
fresh from a 1 M stock stored in liquid N2, and the HALT cocktails were added
fresh from 100� stocks stored at 4°C (catalog numbers 87785 and 78420; Pierce).
Okadaic acid (catalog number O-5857; LC Labs) was added fresh from a 1 M
stock stored in liquid N2. After additional grinding, the homogenate was pipetted
into a microcentrifuge tube and placed on ice. A 50-�l aliquot was centrifuged at
14,000 � g and 4°C for 3 min, and 10 �l of the supernatant was mixed with 2,000
�l Coomassie Plus reagent (catalog number 23236; Pierce) before the A595 was
determined. The homogenates of different genotypes were adjusted to the same
protein concentration, 2.5 g/liter for �/� and E64D/E64D or �/� and E64G/
E64G lung and 1.0 g/liter for �/� and E64D/E64D or �/� and E64G/E64G
cortex. Aliquots of 600 �l were extracted by adding Triton X-100 to 0.5% from
a 10% stock and incubating on ice for 15 min. Following centrifugation at
14,000 � g and 4°C for 3 min, supernatants were transferred into fresh tubes.
Aliquots of 60 �l were added to antibody beads prepared beforehand as follows.

FIG. 2. Generation of E64D mice. (A) The A� allele spans nearly 20 kb from exon 1 to exon 15 (first row, scale). The region targeted reaches
from before exon 2 into exon 9 (black horizontal line, second row). Amino acid E64 of wild-type (WT) A� is encoded in exon 3 (second row). The
targeting construct (i) replaces codon E64 with codon D64, (ii) introduces an NheI site due to silent mutations, and (iii) places a neomycin (neo)
cassette flanked by loxP sites (open triangles) into intron 3 (third row). ES cells were screened for the E64Dneo allele by using forward primer A
(A	) and reverse primer D (
D) (fourth row). A	 binds 5� of the targeted region, while 
D binds specifically to D64/NheI but not WT E64
(fourth row). E64D mice were identified with primers D	 and 
A (fifth row). D	 binds to D64/NheI but not WT E64, while 
A binds past neo.
(B) PCR screening with primer pair A	 and 
D yields a product of 3,625 bp from the E64Dneo (Dneo) and E64D (D) alleles. (C) Primer pair D	
and 
A distinguishes E64Dneo (2,950 bp) from E64D mice (1,050 bp).
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GammaBind Plus Sepharose beads (catalog number 17-0886-02; Pharmacia)
were coupled to monoclonal antibody 6F9 as described previously (60). Beads
were washed using homogenization buffer without inhibitors but with Triton
X-100, then resuspended in homogenization buffer with inhibitors and Triton
X-100, aliquoted to 30 �l of settled beads per tube, and drained. After addition
of 60 �l extract mentioned above for a total of 90 �l, immunoprecipitations
proceeded for 2 h at 4°C while rotating the tubes slowly along their axes (rotator
model 151; Scientific Industries). Subsequently, the beads were pelleted at 300 �
g and 4°C for 1 min. Supernatant (45 �l) was removed, mixed with 15 �l 4�
DTT-SB, and heated to 95°C for 4 min. The beads were then washed with
homogenization buffer containing 0.1� inhibitors without Triton X-100, drained,
and suspended in 30 �l of 2� plus 60 �l of 1� DTT-SB for a total of 120 �l,

which was heated to 95°C for 4 min. Aliquots of 10 �l were loaded onto
SDS-PAGE gels. With the indicated volumes, equal loading volumes of depleted
supernatant and immunoprecipitate represent the same fraction of the corre-
sponding homogenate, so that band intensities on the Western blot are quanti-
tatively comparable.

Tumor induction, detection, and evaluation. PP2A mutant mice were back-
crossed to strain FVB, because FVB mice have a predisposition for lung cancer
(20% incidence at 18 months of age) (36, 71). When used for the cancer studies,
they were at the N7 generation (99.2% FVB). Transgenic FVB mice expressing
a dominant negative mutant of p53 (dnp53) under the control of the lung-specific
promoter for the Clara cell-specific protein (CCSP) were generously provided by
Kam Meng Tchou-Wong (71). One E64D/�; dnp53 male was mated 2 to 3 times

FIG. 3. Correct sequence of E64D and E64G mRNAs. RNA from ES cell clones that yielded E64D and E64G mice was reverse transcribed
and amplified by PCR with primers based on the reference sequence for mouse A� mRNA, NM_016891.3 (top line, wild type [WT]). Nucleotide
(nt) numbers are given in the right column. Only relevant sequence stretches are shown. The forward primer (nt 24 to 44) binds 5� of the ATG
start codon (nt 53 to 55), the reverse primer (nt 2047 to 2026) 3� of the TGA stop codon (nt 1820 to 1822). The PCR products were cloned, and
clones sensitive to NheI (GCTAGC at nt 250 to 255) were sequenced. The obtained sequences showed codon 64 as GAC for E64D and as GGC
for E64G (nt 242 to 244). Stars indicate identity. Silent substitutions (nt 247 to 259) 3� of E64D and E64G permitted design of primers that
distinguish WT (primer 
E), E64D (
D), and E64G (
G). The sequence of E64D mRNA from liver and kidney of E64D mice was also correct.

TABLE 1. Primers used for screening targeted and transgenic mice

Primera Sequence Target (nt)

A	 TCTCAAGTGTTCTCTGTAGTAGTGGGG 5522–5548b


E CAAGGCCAAGAGGACC 9147–9132b


D GAGAGCTAGCAATACG 9147–9132 of E64Dc


G GAGCTAGCAATACGC 9147–9131 of E64Gc

D	 GATGAAGATGACGTATTGCTAGCTCTC 9121–9147 of E64Dc

G	 GATGAAGATGGCGTATTGCTAGCTCTC 9121–9147 of E64Gc


A GGCAAGGCTATTGCATTGCTC 10072–10052b

U	 GGGTTCATGGGTAAGACAAGC 6633–6653b


P TGCTATACGAAGTTATGGCGC 5� of the 5� loxP site
P	 CAGCACCAGGATATCAGGATCCG 5� of the 5� loxP site

I TGCAGGGCCTTGTACTGTACTTATGAG 12702–12676,b intron 6
6	 AGGACAAGTCTTGGCGTG 11558–11575,b exon 6
Cre	 CCAGGCGTTTTCTGAGCATACC 102–123 of the Cre CDSd


Cre GGCAACACCATTTTTTCTGACCC 744–722 of the Cre CDSd

p53	 TGGAGGAGTCACAGTCGGATATCAG 11–35 of the p53 CDSe


p53 CCTTCTTGGTCTTCAGGTAGCTGG 1111–1088 of the p53 CDSe

a 	, forward primer; 
, reverse primer.
b Nucleotide range, counted from the start codon of the A� gene (ENSMUST00000007708).
c See also Fig. 3.
d Based on the Cre coding sequence (accession number DQ023272). The PCR product was 642 bp.
e Based on the p53 coding sequence (accession number ENSMUST00000108658). Note that the CCSP-dnp53 transgene contains only part of the p53 coding region

(amino acids 1 to 14 and 302 to 390), resulting in a PCR product of only 239 bp.
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with 15 �5-6/� females in order to obtain approximately 25 pups of each
resulting genotype. At 5 weeks of age, all pups received one intraperitoneal
injection of 0.1 mg benzo[a]pyrene (BP; catalog number B1760; Sigma) per g of
body weight (71, 75). One g of BP was dissolved (suspended) in 50 ml tricaprylin
(catalog number T9216; Sigma) to 0.02 mg/�l at 37°C with gentle shaking over
several hours and then spun once at 2,000 � g for 3 min. The supernatant was
mixed, split into aliquots of 800 to 1,000 �l, and stored in liquid N2. Each aliquot
was used only once to inject a litter, e.g., 100 �l per 20-g mouse, and only aliquots
of the same BP preparation were used for a particular study group of mice. We
harvested when 40 to 50% of wild-type mice had lung tumors, in order to allow
for a doubling of cancer incidence in the mutant mice. For test mice, the
appropriate time point was determined to be 10 months after BP application for
mice without dnp53 and 6 months after BP for mice with dnp53. Necropsies
rarely revealed cancers other than lung cancer. Lungs were inflated with 10%
formalin and inspected under a stereomicroscope for surface tumors. The small-
est tumors detected were 0.1 mm in diameter, and the largest were 10 mm.
Tumor diameters were determined by using a scale in the eye piece with 100
distance markings, calibrated with a ruler to 4 mm. Tumors were processed for
paraffin embedding by the UCSD Histology Core. Sections of 4 �m were stained
with hematoxylin and eosin for evaluation by Nissi Varki.

Statistics. The significance of the weight loss of mice injected with tamoxifen
was assessed using the 1-tailed paired t test (Excel). To evaluate Mendelian
ratios, the chi-square test for comparing observed frequencies with expected
frequencies was applied (Graphpad). To compare the increase in cancer inci-
dence in mutant strains versus wild-type mice, the 1-tailed chi-square test for
analyzing 2 � 2 contingency tables was used (Graphpad). The average number
of tumors per tumor-bearing mouse was calculated after outliers were excluded
(Graphpad). Higher tumor numbers in mutant strains versus wild-type mice were
evaluated with the 1-tailed 2-sample t test for unequal variances (Excel).

RESULTS

Generation of E64D and E64G mice. To generate mice ex-
pressing cancer-associated mutations of the A� subunit of
PP2A, we employed gene targeting by homologous recombi-
nation in ES cells. E64D point mutant mice were constructed
as shown in Fig. 2. To generate E64G mice, a single nucleotide
of the E64D targeting vector was exchanged by site-directed
mutagenesis to obtain the E64G vector (cf. Fig. 3). Otherwise,
E64G mice were made the same way as E64D mice.

Since Western blotting cannot distinguish wild-type A� from
E64D and E64G mutant proteins, we sequenced mRNA to
prove that E64D and E64G mice express the intended muta-
tion. RNA was isolated from E64Dneo/� and E64Gneo/� ES
cells and from liver and kidney of E64D/� mice. The RNA was
reverse transcribed, cDNA was amplified, and PCR products
were cloned. E64D and E64G clones were distinguished from
wild-type clones by cleaving the NheI site that was introduced
near D64 and G64 (Fig. 2A and 3). Of 40 clones derived from
E64Dneo/� ES cells, 23 were cut by NheI (data not shown),
demonstrating that E64D and wild-type mRNA were ex-
pressed at similar levels in heterozygous ES cells, i.e., that the
neo cassette did not generate a hypomorphic E64Dneo allele.
Similar results were obtained for E64Gneo/� ES cells. Not

FIG. 4. Generation of A�-floxed (F5-6) and A� knockout (�5-6) mice. (A) The region targeted reaches from before exon 3 past exon 11 (black
horizontal line, second row, A� wild type [WT]). The targeting construct contains (i) a loxP site (open triangle) 5� of exon 5, (ii) a neo cassette
flanked by FRT sites (black triangles) 3� of exon 6, and (iii) a second loxP site 3� of neo (third row). F5-6neo ES cells and mice were identified by
Southern blotting of EcoRV-digested DNA (Eco) with the 3� probe (black box) (second and fourth rows). F5-6 and �5-6 mice were identified by
PCR using primer P	, binding to the 5� loxP site, and primer 
I, binding to intron 6 past neo (fifth and sixth rows). (B) Southern blotting of
EcoRV-digested DNA with the 3� probe identifies WT (24,000 bp) and F5-6neo (Fneo) alleles (8,200 bp). (C) PCR screening with primer pair P	
and 
I identifies F5-6 (F) (1,836 bp), �5-6 (�) (1,032 bp), and �5-6/F5-6 (1,032 and 1,836 bp) mice. (D) F5-6 and �5-6 mice were routinely
screened with primer U	 binding 5� of the targeted region and primer 
P binding to the 5� loxP site (4,507 bp).
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unexpectedly, the E64D allele without neo was expressed as
efficiently as the wild-type allele in E64D/� liver and kidney
(data not shown). Complete sequencing of several E64D and
E64G clones verified the intended mutations as well as the
absence of unintended coding mutations (Fig. 3).

Generation of A�-floxed and knockout mice. A single-nucle-
otide insertion was found in the A� gene of a human breast
carcinoma, generating a frame shift and a stop codon (6). The
protein encoded by the mutated gene consists of amino acids 1
to 170 of wild-type A� followed by 6 amino acids (PEPVLR-
stop) encoded by an alternate reading frame. We called this
mutant �171-589. Based on previous studies, this truncated
protein binds neither B nor C subunits and is functionally
equivalent to an A� knockout (55). Since the mutation lies
near the 5� end of exon 5, a nearly identical knockout mutation
can be constructed and made conditional by floxing exons 5
and 6, F5-6. In the presence of Cre, the floxed exons are
deleted, and exon 4 is joined with exon 7 out of frame, which
generates knockout allele �5-6. The knockout allele encodes
deletion mutant �168-589 which consists of amino acids 1 to
167 of wild-type A� followed by 21 amino acids (HSRKQWG
LRSPRQIWCLPSRT-stop) encoded by the alternate reading
frame. The A�-floxed and knockout mice were constructed as
shown in Fig. 4.

Viability of mutant mice. All heterozygous mice, E64D/�,
E64G/�, F5-6/�, and �5-6/�, appeared healthy and were fer-
tile, and the females nursed their pups. To check whether
homozygous point mutants are viable, E64D/� and E64G/�
mice were inbred and yielded E64D/E64D and E64G/E64G
pups which grew up normally (Fig. 5A and B). When crossing
E64D/� and E64G/� with �5-6/� mice, �5-6/E64D and �5-
6/E64G pups were born and grew up normally (Fig. 5C and D).

Subsequently, E64D/E64D, E64G/E64G, �5-6/E64D, and �5-
6/E64G mice were inbred. All proved fertile, and the females
nursed their pups.

Requirement of A� for embryonic development. When in-
breeding �5-6/� mice, no �5-6/�5-6 pups were obtained
among over 100 offspring, demonstrating lethality of �5-6/�5-6
embryos. To investigate at what stage lethality occurs, embryos
were harvested at E10.5. Among 41 embryos recovered, we
detected 13 �/� and 28 �5-6/�, but no �5-6/�5-6 embryos,
implying that development is blocked before E10.5. In addition
to the 41 appropriately sized implantation sites, we noticed 9
smaller ones (one-half to two-thirds of normal size) not con-
taining embryos but yolk sacs, of which one was �/�, three
�5-6/�, and five �5-6/�5-6 (Fig. 6). The presence of �5-6/�5-6
yolk sacs suggests that �5-6/�5-6 embryos developed at least
until implantation, which occurs around E5. Yolk sacs are
formed around E7.5 (51). The persistence of �5-6/�5-6 yolk
sacs suggests either that yolk sac cells can live without A�, that
maternal A� is still present at E10.5, or that A�, which is 87%
identical to A�, can replace A� in yolk sac cells but not in
embryos.

Requirement of A� in adult mice. To test whether A� is
required in adult mice, we generated animals containing one
�5-6 allele, one F5-6 allele, and a transgene (CreER) express-
ing Cre fused to a mutant ER that binds TM (21). Upon
application of TM, CreER translocates to the nucleus, where
Cre converts the F5-6 allele into the �5-6 allele. Four �5-6/
F5-6; CreER mice died on day 6 after the first TM injection
(day 1), while all nine �5-6/�; CreER control mice survived.
This demonstrated that A� is continuously required in adult
animals. Figure 7A shows the relative average body weights of
the mice. Both genotypes displayed an initial drop in weight by

FIG. 5. Viability of E64D/E64D, E64G/E64G, �5-6/E64D, and �5-6/E64G mice. (A) Inbreeding of E64D/� mice yields �/�, E64D/�, and
E64D/E64D progeny. Tail DNA was screened for the E64D (D) allele with primer pair A	 and 
D (3,625 bp) and for the wild-type (WT) allele
with primer pair A	 and 
E (3,625 bp) (cf. Fig. 2 and 3). �/� mice showed the � band only, E64D/� mice showed the D and the � band, and
E64D/E64D mice showed the D band only. Lane 4 shows that A	 and 
D are positive on E64G/E64G DNA, since 
D matches both the E64D
and E64G alleles (Fig. 3). (B) Inbreeding of E64G/� mice yields �/�, E64G/�, and E64G/E64G progeny. The E64G (G) allele was identified
with primer pair A	 and 
G (3,623 bp), and the WT allele was identified with pair A	 and 
E (3,625 bp). Lane 4 shows that A	 and 
G are
negative on E64D/E64D DNA, since 
G is specific for the E64G allele (Fig. 3). (C) Crossing E64D/� with �5-6/� mice yields all four genotypes
expected. The E64D allele was identified with the pair A	 and 
D, and the �5-6 (�) allele was identified with the pair U	 and 
P (4,507 bp)
(Fig. 4). (D) Crossing E64G/� with �5-6/� mice yields all four genotypes expected. The E64G allele was identified with the pair A	 and 
G,
and the �5-6 allele was identified with the pair U	 and 
P.
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approximately 5%, from which the controls recovered while
the floxed mice continued to lose weight to a maximum of 19%
by the time of death (day 6). They also displayed a hunched
back and had difficulty walking. The initial drop in body weight
was probably due to TM toxicity (see Materials and Methods),
while the continued loss of weight in the floxed mice was likely
the result of A� loss. Western blotting of several organs
showed, indeed, a drop in A� levels to 30% in pancreas, 70%
in heart, 80% in lung, and 80% in cortex (Fig. 7B). These
reductions are based on comparing a �5-6/F5-6; CreER mouse
with a �/�; CreER mouse. Since �5-6/� mice contain only
approximately half as much A� as �/� mice (except for brain),
the A� levels in the floxed mouse compared to a �/� mouse
dropped in pancreas to 15%, in heart to 35%, and in lung to
40%. Similar reductions were seen in spleen, liver, and kidney
(data not shown). Despite the drops in A�, histopathology did
not provide hints for the cause of death.

Reduced A� levels in �5-6/� organs, except brain. To check
whether A� levels are reduced in �5-6/� mice due to expres-
sion of only one allele, Western blotting was performed. As
shown in Fig. 8, �5-6/� mice contained approximately 50% A�
in mammary gland, liver, kidney, heart, and lung compared to
�/� controls. Similar results were obtained with salivary gland,
spleen, pancreas, adrenal gland, thymus, and skeletal muscle
(data not shown). This confirms the successful knockout of one
A� allele in �5-6/� mice. Surprisingly, A� levels were not
reduced in cerebellum, cortex, and brain stem (brain stem data
not shown) of �5-6/� mice. Thus, mouse brain has a mecha-
nism for maintaining A� at high levels when the gene dosage
is reduced. Our finding that mouse brain has 2- to 5-fold more
A� than other organs (Fig. 8 and 9) is consistent with reports
for rat brain (68).

Organ-specific expression of B�� and B��. To check whether
E64D and E64G are defective in binding B� in mice, we first
determined which organs express high levels of B�� and B��.
These two isoforms were chosen because specific antibodies
were available. As demonstrated in Fig. 9, B�� was highest in

lung, followed by liver, kidney, heart, cerebellum, and cortex.
B�� was highest in cortex and cerebellum followed by lung.
Based on these findings, we selected lung and cortex for co-
immunoprecipitation experiments (see below). Consistent with
our data, high levels of B�� mRNA were found by Northern
blotting in mouse and rabbit brain (12, 38, 47).

Reduced binding of B�� and B�� to E64D and E64G. To
investigate whether E64D and E64G are defective in binding

FIG. 7. Lethality of knockout of A� in adult mice. Mice were
generated containing one �5-6 (�) knockout allele, one F5-6
(F) floxed allele, and a transgene (CreERTM) expressing Cre ubiqui-
tously and inducible by TM. (A) Nine control mice, �5-6/�; CreERTM,
and four floxed littermates, �5-6/F5-6; CreERTM, ages 2 to 4 months,
were injected with TM on days 1 through 5 and weighed daily. All four
�5-6/F5-6; CreERTM mice died on day 6, while the nine control mice
survived. The error bars represent the 95% confidence intervals. The
weight losses of the floxed mice were significant, with P values of 0.02
(day 1 versus 2), 0.0002 (day 4 versus 5), and 0.006 (day 5 versus 6).
(B) One control and one floxed mouse were treated as described for
panel A and sacrificed on day 6, at which time the floxed mouse had a
hunched back and difficulty walking. The weights of both mice were
similar to the averages shown in panel A. Several organs were Western
blotted for A� (6F9). GAPDH was used as a loading control.

FIG. 8. Reduced A� levels in �5-6/� mice. Various organs of �5-
6/� (�/�) mice and �/� control littermates were Western blotted for
A� using 6F9 antibody. All organs except brain showed approximately
50% A� in the heterozygous knockout mice compared to �/� con-
trols. GAPDH and �-actin were used as loading controls. MG, mam-
mary gland; Cereb, cerebellum. The results are representative of three
experiments.

FIG. 6. Lethality of the �5-6/�5-6 genotype. Inbreeding of �5-6/�
mice yielded �/� and �5-6/� (�/�) offspring (lanes 1 and 2) but no
�5-6/�5-6 pups. �5-6/� inbreeding yielded �5-6/� embryos and cor-
responding yolk sacs at E10.5 (lanes 3 and 4) but no �5-6/�5-6 em-
bryos. Several unusually small implantation sites contained no embryos
but contained �5-6/�5-6 (�/�) yolk sacs at E10.5 (lane 5). The �5-6
allele was identified with primer pair U	 and 
P (4,507 bp). Since 
P
has no target in the � allele, the �/� genotype yields no product (lane
1). The � allele was identified with the pair 6	 and 
I (1,144 bp).
Since 6	 has no target in the �5-6 allele, the �5-6/�5-6 genotype yields
no product (lane 5).
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B� subunits in mice, as expected from in vitro and tissue culture
data, we carried out immunoprecipitations with organ extracts
from E64D/E64D and E64G/E64G mice. We chose the lung,
which is rich in B�� and B��, and cortex, which is rich in B��
(Fig. 9). Monoclonal antibody 6F9 was used, which recognizes
the N terminus of A� and precipitates all holoenzymes, includ-
ing B� holoenzymes (30). The antibody, coupled to Sepharose
beads, was used in excess and precipitated nearly all A� from
lung and cortex extracts of either �/�, E64D/E64D, or E64G/
E64G mice. Figure 10A, row a, lanes 2 and 10 [abbreviated Fig.
10A(a)2 and 10] shows that after depletion only 5% of A�
remained in lung supernatant from wild-type animals. The
same result was obtained with lung extracts from E64D/E64D
mice [Fig. 10A(a)6] and E64G/E64G mice [Fig. 10A(a)14]. As
expected, all depleted wild-type and mutant A� (95%) was
found in the immunoprecipitates [Fig. 10A(a)4, 8, 12, and 16].
Nearly identical results were obtained with cortex from �/�,
E64D/E64D, and E64G/E64G mice [Fig. 10B(a)].

Most importantly, immunoprecipitation clearly demon-
strated that the E64D and E64G mutant proteins are defective
in binding B� subunits. In �/� lung extract precipitated with
6F9, 30% of B�� remained in the supernatant [Fig. 10A(b)2],
and all codepleted B�� (70%) appeared in the precipitate [Fig.
10A(b)4]. On the other hand, with E64D/E64D extract, 60% of
B�� remained in the supernatant [Fig. 10A(b)6], and only 40%
was precipitated [Fig. 10A(b)8]. In comparison to E64D, E64G
was more defective. As much as 80% of B�� was not code-
pleted from E64G/E64G lung extract [Fig. 10A(b)14], and only
20% coprecipitated [Fig. 10A(b)16]. Very similar results were
obtained with cortex extracts, in which 30% of B�� remained in
the �/� supernatant [Fig. 10B(b)2], 50% in the E64D/E64D
supernatant [Fig. 10B(b)6], and 75% in the E64G/E64G su-
pernatant [Fig. 10B(b)14]. Accordingly, 70% of B�� coprecipi-
tated with A� [Fig. 10B(b)4], 50% with E64D [Fig. 10B(b)8],
and only 25% with E64G [Fig. 10B(b)16]. These data are
consistent with previous reports by us and others that in vitro
and in tissue culture cell extracts E64G is more defective than
E64D in B� binding (7, 55, 84).

Furthermore, we found that B�� is a weak binder of wild-
type A� and a very weak or nonbinder of E64D and E64G. A
large fraction, 60%, was not codepleted from �/� lung super-
natant [Fig. 10A(c)2], and of the 40% removed, only one-half

of that ended up in the final precipitate (20%) [Fig. 10A(c)4].
Presumably, some B�� got lost during the washing of the pre-
cipitate. In E64D/E64D and E64G/E64G lung extracts, 95% of
B�� remained undepleted [Fig. 10A(c)6 and 14], and no pre-
cipitation was observed [Fig. 10A(c)8 and 16]. Figure 10 also
shows that there was much less B�� in E64G/E64G lung (10%)
[Fig. 10A(c)13] than in E64D/E64D (70%) [Fig. 10A(c)5] and

FIG. 9. PP2A subunit levels in wild-type mouse organs. Various
organs were Western blotted for A�, B��, B��, and B�. GAPDH and
�-actin were used as loading controls. Cereb, cerebellum. The same
results were obtained in two separate experiments.

FIG. 10. Reduced binding of B�� and B�� to E64D and E64G.
Extracts of lung (A) and cortex (B) of �/�, E64D/E64D (D/D), and
E64G/E64G (G/G) mice were used for immunodepletion of A� using
6F9. Both the depleted supernatants (Sup) and the immunoprecipi-
tates (IP) were Western blotted for A�, B��, B�� (A), and B� (B).
Controls (Con) are immunodepletions for which we used beads with-
out antibody. The first rows of percentages (below the blots) compare
subunit amounts between supernatants and IP from the same organ.
The second rows of percentages (in bold italics) compare input
amounts of subunits between wild-type and mutant organs. GAPDH
was used as a loading control. Coimmunoprecipitation of B�� and B��
with E64G from extracts of lung, cortex, and liver (liver not shown) was
carried out twice in independent experiments using different mice.
Coimmunoprecipitation of B�� and B�� with E64D from extracts of
lung, cortex, and kidney (kidney not shown) was carried out once. In
addition, quantitatively similar binding defects of B�� and B�� to E64D
were observed when we used extracts from �/� and E64D/E64D
mouse embryo fibroblasts from embryonic day 13.5 (data not shown).
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�/� lung (100%) [Fig. 10A(c)1 and 9] (lower row of percent-
ages). Presumably, this was due to degradation of B�� in
E64D/E64D and E64G/E64G lung. This view is consistent with
reports in the literature demonstrating that the expression
levels of PP2A subunits are strictly coordinated, such that
knocking down expression of one subunit type (e.g., the A
subunit) leads to ablation of the other types (B and C) (33, 63,
67, 72). For the same reason, we assumed that there was less
B�� in E64G/E64G (30%) [Fig. 10A(b)13] and in E64D/E64D
lung (60%) [Fig. 10A(b)5] than in �/� lung (100%) [Fig.
10A(b)1] (lower row of percentages). Moreover, there was
only 40% E64G in E64G/E64G lung [Fig. 10A(a)13] compared
to 100% A� in �/� lung [Fig. 10A(a)9], although the E64G
allele is transcribed as efficiently as the wild-type allele (see
above). It is possible that 60% of E64G was degraded because
B� subunits do not bind to it and there are not enough B and
B� subunits to compensate for B�. Thus, E64G/E64G mice are
viable with only 40% A� in the lung. By comparison, knock-
down of A� levels to less than one-third of the wild-type level
causes cell death (7, 33, 63, 67).

We have not tested whether E64D and E64G in mouse
tissues are as defective in binding B�� as they are in binding
B�� and B��. However, there is evidence that this is likely the
case, because the central A� binding region in all B� subunit
isoforms is highly conserved (34), suggesting that A� muta-
tions that affect binding of one B� isoform will affect all iso-
forms (this does not exclude that the binding affinities may
differ between B� isoforms). In addition, it has been shown in
tissue culture that E64D and E64G are defective in B��, B��,
and B�� binding (7). This argues that E64D and E64G are also
defective in the mouse, since all binding properties of A�
mutants that have been observed in vitro or in tissue culture are
qualitatively and quantitatively similar in mouse organs.

To further confirm that E64D and E64G are specifically
defective in B� subunit binding, we tested their ability to bind
B� in extracts of cortex. As shown in Fig. 10, B� codepleted
equally well with A�, E64D, and E64G. In each case, 50%
remained in the lysate [Fig. 10B(c)2, 6, 10, and 14], and 10 to
20% coprecipitated [Fig. 10B(c)4, 8, 12, and 16]. These data
are consistent with previous in vitro and tissue culture data and
further confirm that E64D and E64G are specifically defective
in B� binding.

Increased lung cancer incidence in E64D/�, �5-6/�, and
�5-6/E64D mice. We examined whether the E64D mutation
that was found in a human lung carcinoma promoted lung
carcinogenesis in E64D knock-in mice. Since the authors who
discovered E64D did not report the state of the second A�
allele (6), we tested E64D in the heterozygous state as well as
in combination with the �5-6 knockout allele. To this end,
E64D/� and �5-6/� mice were crossed, yielding �/�,
E64D/�, �5-6/�, and �5-6/E64D mice for the cancer study.
Since FVB mice have a predisposition for lung cancer (20%
incidence at 18 months of age) (36, 71), we reasoned that if the
E64D mutation abrogates the tumor suppressor activity of
PP2A, it would preferentially promote carcinogenesis in the
lung rather than in other organs. To investigate whether PP2A
suppresses carcinoma formation induced by benzopyrene, a
powerful carcinogen in cigarette smoke, all mice were treated
with benzopyrene at 5 weeks of age.

As shown in Fig. 11 (black columns), the cancer incidence in

E64D/�, �5-6/�, and �5-6/E64D mice was 72%, 77%, and
75%, respectively, representing a 50 to 60% increase over
wild-type mice (for which the incidence was 48%). These data
represent the first demonstration that PP2A acts as a tumor
suppressor in mice. They also indicate that PP2A suppresses
lung cancer induced by benzopyrene (Discussion).

Tumor suppressor activity of PP2A depends on p53. Loss of
the p53 tumor suppressor function occurs in over 50% of
human lung carcinomas, either by direct mutation of the p53
gene (22) or indirectly through alteration of pathways that
control p53. In contrast, loss of p53 tumor suppressor activity
is rare in genetically or chemically induced murine lung carci-
nomas (37). Nevertheless, mice have been a useful model for
investigating the role of p53 in lung carcinogenesis (71, 75, 76,
82). We asked whether loss of PP2A tumor suppressor activity
enhances the oncogenic effect of p53 inactivation. To answer
this question, we used the system developed by Tchou-Wong et
al. (71), who demonstrated that elimination of p53 tumor sup-
pressor activity by expression of the dominant negative p53
mutant, dnp53 (61), doubles the lung cancer incidence in FVB

FIG. 11. Increased lung cancer risk in A� mutant mice. E64D/�;
dnp53 and �5-6/� mice were crossed to obtain the eight genotypes
indicated. dnp53 is a dominant-negative fragment of p53. All mice
received BP at 5 weeks of age. Mice without dnp53 were harvested 10
months later (black columns), and mice with dnp53 were harvested 6
months after BP application (grey columns). The table on the bottom
shows the total number of mice, the number of mice with tumors, lung
tumor incidences, and the average numbers of tumors (Tu) per tumor-
bearing mouse. The higher tumor numbers in �/D (2.5) and �/D;
dnp53 (2.8) have P values of 0.05 and 0.01, respectively, compared to
the wild type. The P values above columns 2 to 4 are for the incidences
in the mutant mice compared to the wild-type mice. D, E64D; �, �5-6.
Note that neither tumor numbers nor sizes were comparable between
mice with and without dnp53, since they were harvested at different
times.
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mice. We generated wild-type, E64D/�, �5-6/�, and �5-6/
E64D mice expressing dnp53 and treated with benzopyrene at
5 weeks of age. The mice were harvested sooner (after 6
months) than those without dnp53, because dnp53 accelerates
carcinoma formation. Surprisingly, the lung cancer incidence
was not affected in PP2A mutant mice expressing dnp53. As
shown in Fig. 11 (gray columns), the cancer incidence in
E64D/�, �5-6/�, and �5-6/E64D mice expressing dnp53 was
29%, 33%, and 33%, respectively, compared to 40% in the
control mice. We conclude that the tumor suppressor function
of PP2A depends on the presence of functional p53.

Tumor number, size, and type. Wild-type, E64D/�, and
�5-6/� mice had approximately two tumors per lung without
dnp53 and one with dnp53 (Fig. 11, data table). Individual
mice of these three genotypes rarely had more than 3 tumors.
In contrast, several �5-6/E64D mice had 4, 5, or 6 tumors,
resulting in the higher averages of 2.5 and 2.8, as shown in the
table in Fig. 11. The average tumor size was approximately 1
mm for all genotypes. Some tumors were larger, up to a max-
imum of 10 mm. We observed both adenomas and adenocar-
cinomas in small tumors. Larger tumors were primarily adenocar-
cinomas. Examples of one adenoma and one adenocarcinoma are
shown in Fig. 12.

DISCUSSION

To generate a mouse model for studying the tumor suppres-
sor function of PP2A, we constructed two strains with point
mutations in the A� subunit. One strain contains the mutation

E64D, which was discovered in a lung carcinoma, and the other
strain has the mutation E64G, which was found in a mammary
carcinoma (6). Both strains show reduced binding of B�� and
B�� in lung and brain tissue as expected based on previous in
vitro binding assays and immunoprecipitations of extracts from
tissue culture cells (7, 55, 84). We were surprised that E64D/
E64D and E64G/E64G mice were viable and showed no signs
of disease. One reason could be that the E64D and E64G
proteins still bind enough B� subunits for survival. Another
possibility is that large amounts of B� holoenzymes are only
required when animals are subjected to stress, such as by ra-
diation, exposure to carcinogens, or infection. We also gener-
ated a strain in which exons 5 and 6 of the A� gene are deleted
(�5-6). This strain expresses an N-terminal fragment of A�
that binds neither C nor B subunits, equivalent to a knockout
and almost identical to a mutation that was found in breast
cancer. It is noteworthy that the heterozygous �5-6/� knock-
out mice were healthy, although they contained 50% less A�
subunit in all organs tested except brain. Apparently, PP2A is
available in large excess. It is even more remarkable that �5-
6/E64G mice are viable, even though they have no wild-type
A� at all.

The main conclusion from our data is that PP2A acts like a
tumor suppressor in the lungs of mice, and likely in other
organs. This activity manifests itself in a 50 to 60% higher
cancer incidence in the lung of benzopyrene-treated mice with
mutations in the A� gene (genotypes E64D/�, �5-6/�, and
�5-6/E64D) than in benzopyrene-treated wild-type mice. It is
remarkable that the increase in lung cancer incidence is very
similar in E64D/�, �5-6/�, and �5-6/E64D mice, although
their potential in generating holoenzymes was strikingly differ-
ent both quantitatively and qualitatively. E64D/� mice are
partially defective in the formation of B� holoenzyme, while
the generation of all B and B� holoenzymes should be unaf-
fected. �5-6/� mice are expected to have reduced amounts of
all holoenzymes due to the loss of one allele, while �5-6/E64D
mice are hampered by the loss of one allele and mutation of
the other. Since E64D/� mice showed the same increase in
cancer incidence as the other two strains, even though they had
the least damage in their capacity of holoenzyme formation, we
conclude that this damage, i.e., the partial reduction of B�
holoenzymes, is sufficient to increase the cancer incidence.
Therefore, PP2A does not fall into the group of classic tumor
suppressors, such as Rb, that become dysfunctional only when
both alleles are inactivated, but instead belongs to the type of
tumor suppressors, such as PTEN, that fail to protect from
carcinogenesis when one allele is dysfunctional (4, 31). Hap-
loinsufficiency of A� has been demonstrated before in tissue
culture cells by using shRNA (7). Taken together, our results
indicate that only B� holoenzymes are tumor suppressors, as
suggested previously (8, 55), whereas B and B� holoenzymes
are not. Whether all possible forms of B� holoenzymes func-
tion as tumor suppressors is an open question, but both B��
and B�� holoenzymes have been implicated (2, 8).

Our results strongly suggest that PP2A is a tumor suppressor
in humans and that the E64D mutation contributed to the
development of a lung carcinoma in the individual in which it
was discovered. They also suggest that PP2A provides substan-
tial protection against lung cancer in smokers, since the tumor
incidence in benzopyrene-treated wild-type FVB mice was ap-

FIG. 12. Lung adenomas and adenocarcinomas in A� mutant mice.
(A and C) An adenoma at low magnification (40�; A) appears as a
small parenchymal nodule (n 3). At high magnification (400�; C),
there is a focus of neoplastic cells, each with abundant cytoplasm and
uniform monomorphic, small round nuclei. (B and D) An adenocar-
cinoma presented on gross evaluation as a large nodule that protruded
above the pleural surface. Low magnification (40�; B) showed that the
ill-defined capsule (c 3) was eroded and that small foci of neoplastic
cells infiltrated (i 3) into the surrounding parenchyma. At high mag-
nification (400�; D), the tumor mass shows anaplastic pleomorphic
cells with tubular (t 3) differentiation within solid (s 3) areas. The
majority of neoplastic cells contains large pleomorphic nuclei with an
altered nuclear-to-cytoplasmic ratio, prominent nucleoli (o 3), and
occasional mitotic (m 3) figures, all indicative of malignancy.
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proximately 30% lower than in PP2A mutant mice. By com-
parison, p53 tumor suppressor activity in benzopyrene-treated
mice causes a 50% reduction in lung cancer incidence com-
pared to mice with inactive p53 (71).

Unexpectedly, the increased lung cancer incidence in
E64D/�, �5-6/�, and �5-6/E64D mice depends on p53, since
it does not occur if the p53 tumor suppressor activity has been
destroyed by overexpressing a dominant negative fragment of
p53. Since mutations of the p53 gene are detected in over 50%
of human lung cancers (22), PP2A may only function in the
remaining cases with intact p53. The question arises whether
PP2A directly dephosphorylates p53, which is phosphorylated
on numerous serine and threonine residues. However, since
phosphorylation of most sites leads to p53 activation or stabi-
lization (13), dephosphorylation by PP2A would inactivate or
destabilize p53, which is incompatible with a PP2A tumor
suppressor function. However, one site whose dephosphoryla-
tion by PP2A results in activation of human p53 is threonine
55. This dephosphorylation is carried out by the B�� holoen-
zyme which forms a complex with p53, leading to transactiva-
tion of the cell cycle inhibitor p21 (32). Importantly, a small
region in B�� that interacts with p53 has been identified. Fur-
thermore, a B�� point mutation was discovered in a human
lung cancer, which is located in this p53 binding region and
renders the B�� holoenzyme inactive in T55 dephosphorylation
and p53 transcriptional activation (62). While these findings
strongly support a role of B�� as tumor suppressor in the
human lung, it is puzzling that T55 appears to be human
specific with no equivalent site in mouse (32).

PP2A could also act indirectly by dephosphorylating p53-
regulating proteins. An attractive possibility is that it attenu-
ates the phosphatidylinositol 3-kinase (PI3K)–Akt pathway,
which is frequently upregulated in cancer. In this pathway, Akt
is activated by phosphorylation at T308 and S473. Activated
Akt then phosphorylates and stabilizes MDM2, resulting in
p53 degradation. Importantly, PP2A has been shown to inac-
tivate Akt by dephosphorylating both T308 and S473, leading
to reduced MDM2 phosphorylation and increased degradation
while p53 accumulates (17, 85). Thus, PP2A could function as
a tumor suppressor through p53 upregulation in the PI3K-Akt
pathway. Additional evidence that PP2A controls the phos-
phorylation state of Akt has come from studies with SV40-ST
and Py-ST, which inhibit T308 and S473 dephosphorylation (1,
3, 81, 83). Furthermore, suppression of B�� with short hairpin
RNA leads to increased phosphorylation of S473, implicating
B�� holoenzyme in Akt dephosphorylation (7). Our finding
that the tumor suppressor function of PP2A depends on the
presence of active p53 is consistent with the idea that both
PP2A and p53 exert their tumor suppressor activities in the
same pathway, in contrast to human tissue culture cells, in
which p53 and PP2A appear to act independently and inacti-
vation of both is essential for transformation by oncogenic Ras
(20). Our data are consistent with the idea that one or more B�
holoenzymes dephosphorylate Akt, since they are the only
holoenzymes that are reduced in E64D/� mice.

Another pathway that involves PP2A in the control of p53 is
the Arf-p53 signaling pathway, in which the tumor suppressor
Arf (ADP-ribosylation factor), in response to oncogenes, in-
hibits MDM2 and thus prevents p53 degradation (48). That
PP2A has a positive effect on p53 in this pathway was demon-

strated by the finding that inhibition of PP2A by Py-ST pre-
vents Arf-mediated activation of p53 (41). It remains to be
tested whether expression of E64D, E64G, or knockout of one
allele in lung carcinomas causes downregulation of Arf and
p53. It is important to note that Arf expression is frequently
reduced in human lung adenocarcinomas.

K-ras mutations occur in 25% of human lung adenocarcino-
mas and in 90% of spontaneous and chemically induced mouse
lung tumors, mainly adenocarcinomas. Furthermore, it has
been shown that the K-ras codon 12 mutation is the most
frequent mutation observed in benzopyrene-induced carcino-
mas (39). Therefore, it is likely that the majority of benzopy-
rene-treated mice in our study had codon 12 mutations in the
K-ras gene. This raises the question whether the Ras–mitogen-
activated protein kinase–extracellular signal-regulated kinase
pathway, which is inhibited by PP2A (64), is upregulated in
E64D/�, �5-6/�, and �5-6/E64D mutant mice. Our mouse
model offers a possibility to investigate this and similar ques-
tions related to the role of PP2A in human cancer, including
analyses of the status of the wild-type allele in tumors from
heterozygous PP2A mutant mice to confirm the haploinsuffi-
ciency of A�. Another question is whether the p53, Arf, and
K-ras genes are mutated.

Of great interest is the recent discovery that in two ovarian
clear cell carcinomas, arginine 183 of A� is mutated to glycine
in one case and to tryptophan in the other. In a third ovarian
cancer, arginine 182 is mutated to tryptophan (27). We previ-
ously demonstrated that two artificial R183 mutations, R183A
and R183E, render the A� subunit highly defective in binding
B�, B��, and B�/PR72 (52). They were constructed because,
based on our model of the A subunit (56), they appeared to be
located in intrarepeat loop 5 (Fig. 1), which we suspected to be
involved in B subunit binding (53). It seems likely that both
ovarian cancer-associated mutant proteins R183G and R183W
are also defective in B, B�, and B� binding, resulting in loss or
reduction of PP2A tumor suppressor activity. Importantly, Xu
et al. demonstrated by X-ray crystallography of the B��
holoenzyme that R183, which is highly conserved in evolution,
forms hydrogen bonds with E214 in B�� (Fig. 1) (79). With
regard to R182W, we previously constructed R182A and
R182E mutants, and we found that both had reduced affinity
for B, B�, and B� (52). It seems likely that R182 mutations act
similarly to R183 mutations. Taken together, the available data
suggest that PP2A is a tumor suppressor in ovaries.

The new mouse strains could be used for investigating the
role of PP2A in fundamental cellular processes unrelated to
growth control and cancer. For example, the finding that the
levels of A� (Fig. 5) and C� (data not shown) are highest in
brain indicates that PP2A plays an important role in this organ.
Additional support for this idea comes from our analysis of
�5-6/� mice. In 11 organs from these mice, A� levels were
approximately 50% lower than in corresponding organs from
wild-type animals, as expected due to the reduced gene dosage.
However, in �5-6/� cortex, cerebellum, and brain stem, the
A� levels were as high as in �/� controls. Apparently, brain
does not tolerate a reduction of A�, i.e., of PP2A activity,
without functional impairment. To avoid damage, it must have
developed mechanisms for sensing low A� levels and for re-
constituting wild-type levels. It is important to find out which
brain substrates require continuously high levels of PP2A. Of
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particular interest is the abundant microtubule-associated Tau
protein, which is phosphorylated at multiple sites (65, 66).
When hyperphosphorylated, Tau dissociates from microtu-
bules, leading to formation of neurofibrillary tangles, a process
that takes place in Alzheimer’s disease. The B� holoenzyme is
the major phosphatase that protects Tau from hyperphosphor-
ylation (65). Therefore, �5-6/� mice might be a useful model
system for studying the formation and prevention of tangles. In
addition, a Cre-inducible homozygous knockout of A�, in com-
bination with a mouse model for Alzheimer’s disease, could
provide new insight into the disease process.
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