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Protein phosphatase 2A (PP2A) plays a prominent role in controlling accumulation of the proto-oncoprotein
c-Myc. PP2A mediates its effects on c-Myc by dephosphorylating a conserved residue that normally stabilizes
c-Myc, and in this way, PP2A enhances c-Myc ubiquitin-mediated degradation. Stringent regulation of c-Myc
levels is essential for normal cell function, as c-Myc overexpression can lead to cell transformation. Conversely,
PP2A has tumor suppressor activity. Uncovering relevant PP2A holoenzymes for a particular target has been
limited by the fact that cellular PP2A represents a large heterogeneous population of trimeric holoenzymes,
composed of a conserved catalytic subunit and a structural subunit along with a variable regulatory subunit
which directs the holoenzyme to a specific target. We now report the identification of a specific PP2A regulatory
subunit, B56�, that selectively associates with the N terminus of c-Myc. B56� directs intact PP2A holoenzymes
to c-Myc, resulting in a dramatic reduction in c-Myc levels. Inhibition of PP2A-B56� holoenzymes, using small
hairpin RNA to knock down B56�, results in c-Myc overexpression, elevated levels of c-Myc serine 62
phosphorylation, and increased c-Myc function. These results uncover a new protein involved in regulating
c-Myc expression and reveal a critical interconnection between a potent oncoprotein, c-Myc, and a well-
documented tumor suppressor, PP2A.

c-Myc is a transcription factor responsible for regulating a
wide array of genes involved in cellular proliferation, growth,
apoptosis, and differentiation. A number of experiments have
demonstrated both the requirement for c-Myc and the impor-
tance of tightly regulating c-Myc protein levels for normal
cellular function. For instance, lymphocytes and fibroblasts
deleted for c-Myc cease to proliferate and exit the cell cycle
(12, 64). Furthermore, homozygous deletion of the c-myc gene
results in embryonic lethality in mice (11). On the other hand,
sustained overexpression of c-Myc in cultured cells blocks dif-
ferentiation, induces neoplastic transformation, and can initi-
ate apoptosis when survival factors are limiting (14). A wide
array of naturally occurring tumors overexpress c-Myc, due in
part to chromosomal translocations, amplification, and viral
insertions at the c-myc locus (8, 19). Most notably, in mice with
inducible c-myc transgenes, expression of c-Myc results in neo-
plastic premalignant and malignant phenotypes, while with-
drawal of c-Myc causes spontaneous regression of the neoplas-
tic and malignant changes (15, 47). All of these studies highlight
the importance of understanding the mechanism as well as iden-
tifying the players involved in regulating c-Myc protein levels with
respect to normal and neoplastic contexts.

c-Myc expression is controlled at many levels, including gene
transcription, mRNA stability, and posttranslational control of
protein stability (17, 26, 29). Posttranslational regulation of
c-Myc occurs through several Ras effector pathways that con-
trol a series of sequential phosphorylation events on two highly
conserved residues, threonine 58 (T58) and serine 62 (S62)

(56, 57, 77). These two phosphorylation sites exert opposing
affects on c-Myc protein stability, with S62 phosphorylation
stabilizing c-Myc and T58 phosphorylation destabilizing c-Myc.
Furthermore, T58 phosphorylation requires prior S62 phos-
phorylation (35, 57). Upon exit from quiescence, during early
G1 phase, c-Myc is stabilized by phosphorylation on S62 that
can be mediated by the Ras-activated extracellular regulated
kinase. Concurrent activation of phosphatidylinositol 3-kinase
(PI3K) by Ras can lead to inhibition of glycogen synthase
kinase-3� (GSK-3�), which is a negative regulator of c-Myc
protein levels. In late G1, when PI3K activity decreases, c-Myc
can become phosphorylated on T58 by active GSK-3�. This
dually phosphorylated form of c-Myc associates with the phos-
phorylation-directed prolyl isomerase, Pin1, which can catalyze
a cis-to-trans conformational change in the phospho-S62-P63
peptidyl bond of c-Myc. This form of c-Myc is then a target for
protein phosphatase 2A (PP2A), which dephosphorylates S62,
resulting in an unstable, singly T58-phosphorylated form of
c-Myc that is a substrate for ubiquitination by SCFFbw7 and
degradation by the 26S proteosome (72, 74, 77).

PP2A is a heterotrimeric protein with two common compo-
nents, a structural (A) subunit and catalytic (C) subunit form-
ing the “catalytic core,” with which a variable regulatory (B)
subunit associates. To date, 25 different B subunits have been
identified, which fall into four unrelated families: B, B�, B�, and
B�. In total, it is estimated that there are 75 to 100 different
PP2A holoenzymes, which are responsible for 30 to 50% of the
total cellular serine/threonine dephosphorylation activity, de-
pending on cell type. PP2A has been shown to be involved in
regulating proliferation, growth, differentiation, and apoptosis
(25). Similar to the case for c-Myc, PP2A activity is required
for normal cellular function, as shown by a catalytic (C�)
subunit knockout mouse model that results in death at embry-
onic day 5.5 to 6 (18). However, unlike c-Myc, PP2A is gener-

* Corresponding author. Mailing address: Department of Molecular
and Medical Genetics, Oregon Health & Sciences University, 3181
S.W. Sam Jackson Park Rd., L103A, Portland, OR 97239. Phone: (503)
494-6885. Fax: (503) 494-4411. E-mail: searsr@ohsu.edu.

† Supplemental material for this article may be found at http://mcb
.asm.org/.

2832



ally regarded as a tumor suppressor. Global inhibition of PP2A
activity results in increased cellular transformation (55). De-
spite the importance of PP2A as a tumor suppressor, relatively
few oncogenic PP2A targets have been identified. Moreover,
specific PP2A holoenzymes that target these oncoproteins
have not been well described.

We now report the identification of a specific PP2A holoen-
zyme containing the regulatory B subunit, B56�, that associ-
ates with c-Myc. We demonstrate that the PP2A-B56� holoen-
zyme interacts with the trans-activation domain of c-Myc
containing the S62 residue, which we previously reported to be
dephosphorylated by PP2A (77). This interaction negatively
regulates both c-Myc protein levels and activity. Given the
potent oncogenic nature of c-Myc and the observed tumor
suppressor function of PP2A, identification of the PP2A-B56�
holoenzyme as a c-Myc regulatory protein adds to our under-
standing of two important cell regulatory pathways.

MATERIALS AND METHODS

Plasmids and RNA interference (RNAi). Construction of expression plasmids
cytomegalovirus (CMV)-empty, CMV-�gal, CMV-Myc, pCEP-small-T-antigen,
pD40-His/V5-c-Myc, pD40-His/V5-c-MycT58A, and pD40-His/V5-c-MycS62A, as
well as reporter constructs, E2F2-Luc, and E2F2(-E-box)-Luc, have been previ-
ously described (58, 77). pD40-His/V5-c-MycT58E and pD40-His/V5-c-MycS62D

were generated using mutation primers (see the supplemental material) and
TOPO cloning (Invitrogen) into pDEST40 mammalian expression vector (58,
77). pD40-His/V5-c-Myc�TAD was created by digesting CMV-Myc with PstI to
remove amino acids 40 to 179, containing the transactivation domain, followed
by TOPO cloning into pDEST40. CMV-HA-Myc was made by PCR amplifying
the C terminus of c-Myc to include an in-frame hemagglutinin (HA) tag (see the
description of primers in the supplemental material). This PCR product was used
to replace the existing C terminus of c-Myc in CMV-Myc by restriction cloning
using SacII and XbaI sites. pD30-PP2A-FLAG-A, pD30-PP2A-HA-C, pD40-
His/V5-B55�, and pD40-His/V5-B56� were created by PCR amplification of
gene coding sequences from a liver cDNA library followed by TOPO cloning into
either pDEST30 mammalian expression vector (PP2A-FLAG-A and PP2A-
HA-C) or pDEST40 mammalian expression vector (B55� and B56�). Expression
vectors for pCEP4HA-B56�, -�, -�1, -�3, -	1, and ε were a generous gift from
David Virshup (Huntsman Cancer Institute, University of Utah). The pCAN-
E4orf4 expression vector was kindly provided to us by Clodagh O’Shea (Univer-
sity of California, San Francisco).

Small interfering RNA (siRNA) SMARTpools for scramble control, PP2A-C�
(PPP2CA), and B55� (PPP2R2B), were purchased from Dharmacon (Lafayette,
CO). Small hairpin RNA (shRNA) expression vectors were generated using
OligoEngine (Seattle, WA) software to identify target sequences to each of
PP2A-A, B56�, -�, -�, -	, and -ε (see the description of target sequences in the
supplemental material). Oligonucleotides encoding the sense and antisense
shRNA sequences were cloned into the pSUPER-shRNA expression vector
(OligoEngine) by the manufacturer’s protocol.

Cell lines and transfection. HEK-293 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% characterized fetal
bovine serum (FBS), L-glutamine, and penicillin-streptomycin at 37°C and 5%
CO2. Cells were plated to achieve 60 to 80% confluence at 24 h postsplit for
transfection. SMARTpool siRNA transfections were carried out as previously
described (77). All other transfections were performed using Metafectene (Bion-
tex, Germany) according to manufacturer’s specifications at a 3:1 ratio of trans-
fection reagent to DNA (75 to 80% efficiency). Total transfected DNA (2 to 6

g) was held constant by the addition of empty control plasmid. All transfections
included 50 ng of CMV-�gal to assess transfection efficiencies between experi-
mental conditions. Transfected cells were maintained in DMEM supplemented
with 10% FBS and L-glutamine, except in shRNA experiments, in which they
were maintained in 2% or 0.2% FBS and L-glutamine for the indicated time
periods.

Antibodies. The c-Myc antibodies, N262, and agarose-conjugated C-33 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). HA.11 and
PP2A-A 6F9 antibodies were from Covance (Berkeley, CA). The rabbit poly-
clonal antibody to HA tag (rabHA) was obtained from Abcam (Cambridge,
MA). The PP2A-C� antibody was purchased from BD Biosciences (San Jose,

CA). The V5 antibody was from Invitrogen (Carlsbad, CA), and the M2-FLAG
and �-tubulin antibodies were from Sigma (St. Louis, MO). The c-Myc serine 62
phospho-specific antibody (�S62phospho) was generated as previously described
(57). The threonine T58 phospho-specific antibody (�T58phospho) was pur-
chased from Cell Signaling Technology (Beverly, MA), and specificity is achieved
by blocking with milk (see “Western blotting and quantitation” below). The
PP2A-B�� antibody was obtained from Upstate (Lake Placid, NY).

Western blotting and quantitation. Transfected cells were lysed in 10 volumes
1.5� luciferase buffer from Promega (Madison, WI) with protease and phosphatase
inhibitors (10 mM sodium fluoride, 100 mM sodium vanadate, 10 mM �-glycerol-
phosphate disodium pentahydrate, 1 
g/ml aprotinin, 1 
g/ml pepstatin, 0.5 
g/ml
leupeptin, 0.2 mg/ml AEBSF [4-(2-aminoethyl)benzenenesulfonyl fluoride hy-
drochloride], and 1.6 mg/ml iodoacetamide). Lysates were freeze-thawed three
times, incubated on ice for 20 min, and subjected to �-galactosidase (�-gal)
activity analysis as described previously (58). Five times sodium dodecyl sulfate
sample buffer was added to a final concentration of 1.5�. Sample load volumes
were adjusted by �-gal activity to account for transfection efficiency, separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to
Immobilon-FL (Millipore, Billerica, MA). Membranes were blocked in Odyssey
Block buffer (LI-COR Biosciences, Lincoln, Nebraska), except when probed with
anti-threonine 58 phospo-specific antibody, which used 5% nonfat milk in phos-
phate-buffered saline (PBS) for blocking. Primary antibodies were diluted in 1:1
Odyssey Block buffer-PBS, 0.05% Tween or 2.5% milk in PBS, or 0.05% Tween
(P-T58 antibody) at the indicated dilutions. Primary antibodies were detected
with the secondary anti-mouse and anti-rabbit near-infrared fluorescent dyes
Alexa Fluor 680 (Molecular Probes, Eugene, OR) and IRDye800 (Rockland,
Philadelphia, PA) used at a 1:10,000 dilution in 1:1 Odyssey Block buffer–1�
PBS, 0.05% Tween or 2.5% nonfat milk in PBS, or 0.05% Tween (P-T58 anti-
body). Immunoblots were scanned using a LI-COR (Lincoln, Nebraska) Odyssey
Infrared Imager to visualize proteins, which also allows for simultaneous anti-
rabbit and anti-mouse dual-wavelength detection.

Antibody signals were quantified using LI-COR Odyssey Infrared Imager
software version 1.2, which allows for linear signal quantitation over four orders
of magnitude. Quantitated protein levels were normalized to control protein
levels, which were set to onefold or 100% as indicated. Average protein levels
and error bars representing two standard deviations were calculated from three
separate experiments using Excel (Microsoft, Redmond, WA). Significant dif-
ferences were also calculated from three separate experiments by t-test analysis
(two-tailed distribution and two-sample unequal variance) using Excel.

Reverse transcription-PCR (RT-PCR) analysis. Transfected HEK-293 cells
were collected in 1� PBS with 1 mM EDTA, and 5% of the cells were reserved
for �-gal assay and Western analysis. RNA was isolated from cells exhibiting
transfection efficiencies within 5% of each other using TRIzol reagent from
Invitrogen (Carlsbad, CA). cDNA was made using Moloney murine leukemia
virus reverse transcriptase according to manufacturer’s protocol (Invitrogen).
Two times Immunomix Red from BIOLINE (Randolph, MA) was used for PCR
analysis of cDNA (see the supplemental material for the primer sequence and
thermocycler setup).

Cycloheximide half-life. One-hundred-millimeter dishes of HEK-293 cells
were cotransfected with 50 ng CMV-�gal, 0.5 
g pD40-His/V5-c-Myc, and 4 
g
pSUPER-empty or B56� under 10% FBS conditions for 24 h. Each transfection
mixture was split into six 60-mm dishes, maintained for 24 h in DMEM supple-
mented with 10% FBS and L-glutamine, and then starved in DMEM supple-
mented with 0.2% FBS and L-glutamine for 48 h. Cells were treated with 100

g/ml cycloheximide 5 min prior to starting the indicated time course, and cells
were collected at the indicated points.

Coimmunoprecipitation. Cells were resuspended in 10 cell pellet volumes of
PP2A-CoIP buffer (20 mM Tris, pH 7.5, 12.5% glycerol, 0.2% NP-40, 200 mM
NaCl, 1 mM EDTA, 1 mM EGTA, and 1 mM DTT plus protease and phos-
phatase inhibitors). Cellular lysates were incubated on ice for 20 min and cleared
by centrifugation at 20,000 � g for 10 min at 4°C. Cleared lysate volumes were
adjusted for transfection efficiency by �-gal assay and incubated with either a
1:150 dilution of agarose-conjugated C-33, a 1:500 dilution of HA.11, or a 1:750
dilution of V5 antibody. Immunoprecipitates were washed three times with 10
volumes PP2A-CoIP buffer. Where specified, immunoprecipitates were more
stringently washed three times with 10 volumes PP2A-CoIP buffer with 300 mM
NaCl.

His-Myc–Ni-NTA columns. Cells transfected with 6 
g pD40-His/V5-conrol,
-Myc, or -Myc�TAD were resuspended in 10 cell pellet volumes Ni-nitrilotriacetic
acid (Ni-NTA) lysis buffer (see the supplemental material). Cell lysates were
then sonicated using a Branson Sonifier 450 sonicator (10 1-s pulses at 20% duty
and output of 2), incubated on ice for 20 min, and cleared by centrifugation at
14,000 rpm for 10 min at 4°C. Cleared lysate volumes were adjusted for trans-
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fection efficiency according to �-gal activity. QIAGEN (Valencia, CA) Ni-NTA
beads were added to cleared lysates and rotated for 4 hours at 4°C. Ni-NTA
columns were washed three times with 10 volumes Ni-NTA CoIP buffer (see the
supplemental material). Cells transfected with 6 
g pD30-PP2A-HA-C were
resuspended in 10 cell pellet volumes Ni-NTA CoIP buffer, incubated on ice for
20 min, and cleared by centrifugation. Ni-NTA columns were incubated with
PP2A-HA-C cleared lysate for 4 hours at 4°C and then washed three times with
10 volumes Ni-NTA wash buffer (see the supplemental material). Column-bound
proteins were released by three 0.5-volume elutions with Ni-NTA elution buffer
(see the supplemental material).

Luciferase assay. Cell pellets were resuspended in 10 volumes 1.5� luciferase
buffer with protease and phosphatase inhibitors, freeze-thawed three times,
incubated on ice for 20 min, and cleared by centrifugation at 14,000 rpm for 10
min at 4°C. Samples were subjected to �-gal activity analysis. Luciferase activity
was detected using a Promega luciferase assay kit and Berthold luminometer
(Bundoora, Australia). Luciferase activity was adjusted for �-gal activity.

RESULTS

Increased PP2A activity downregulates c-Myc protein levels,
dependent upon PP2A holoenzyme formation. We previously
demonstrated that global inhibition of PP2A strongly stabilizes
c-Myc protein, allowing it to accumulate to high levels (77).
These experiments relied on a variety of mechanisms for

inhibiting PP2A activity, including chemical inhibition with
okadaic acid, which inhibits the catalytic C subunit of PP2A
(16); expression of simian virus 40 (SV40) small T antigen,
which competitively inhibits regulatory B subunit binding to
the structural A subunit (7, 41, 45, 62); and RNAi knockdown
of the catalytic C subunit (77). To further characterize the role
of PP2A in regulating c-Myc protein levels, we examined the
effects of increasing cellular PP2A activity on c-Myc protein
levels. We coexpressed c-Myc with increasing amounts of a
stable, functional, N-terminally HA-tagged PP2A catalytic
(PP2A-HA-C) subunit (2, 69). As shown in Fig. 1A and B,
increasing amounts of PP2A-HA-C partially reduced c-Myc
protein levels. Interestingly, the reduction was initially dose
dependent (up to twofold more transfected PP2A-HA-C sub-
unit relative to c-Myc), but no further significant decrease in
c-Myc protein levels was seen with higher concentrations of
PP2A-HA-C (compares lanes 1 to 3 with lanes 4 to 5 and
graph).

The limited capacity of PP2A-HA-C activity to reduce
c-Myc protein levels suggests that some aspect of PP2A
biology is limiting. Most likely this limiting factor is related

FIG. 1. c-Myc protein levels are negatively regulated by PP2A holoenzyme activity. (A) Increased cellular PP2A activity decreases c-Myc
protein levels. HEK-293 cells were cotransfected with 50 ng CMV-�gal, 0.5 
g pD40-His/V5-c-Myc, and increasing amounts from 0.5 
g to 2.5

g of pD30-PP2A-HA-C, as indicated. Whole-cell lysates were collected at 36 h posttransfection, normalized for transfection efficiency by �-gal
activity, and visualized by Western blot analysis with anti-V5 for c-Myc, anti-PP2A-C� for total endogenous and ectopic PP2A-C, and anti-HA.11
for ectopic PP2A-HA-C. (B) Limited reduction of c-Myc protein levels by increased expression of PP2A-C subunit. c-Myc and PP2A-HA-C protein
levels were quantified from panel A and two repeat experiments using LI-COR software (see “Western blotting and quantitation” in Materials and
Methods). Average protein levels and error bars were calculated and graphed relative to the maximum level seen for c-Myc or PP2A-HA-C.
(C) PP2A holoenzyme formation is required to negatively regulate c-Myc protein levels. HEK-293 cells were cotransfected with 50 ng CMV-�gal,
0.5 
g CMV-Myc, or 0.5 
g pCEP-SV40 small T antigen, plus either 1.5 
g or 2.5 
g of pD30-PP2A-HA-C, as indicated. Whole-cell lysates were
prepared and normalized as for panel A. Immunoblots were probed for c-Myc with anti-N262 and for PP2A-HA-C with anti-HA.11. (D) Ade-
novirus E4orf4 expression causes an increase in c-Myc protein levels. HEK-293 cells were cotransfected with 50 ng CMV-�gal, 0.5 
g CMV-Myc
and increasing amounts from 0.5 
g to 2.5 
g of pCAN-E4orf4, as indicated. Lysates were prepared and normalized as for panel A, and c-Myc
protein was visualized by Western blot analysis with anti-N262.
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to PP2A holoenzyme formation, which involves association
of the PP2A-A and -C subunits with a variable regulatory B
subunit that specifies substrate recognition. This hypothesis
prompted us to determine whether formation of the heterotri-
meric PP2A holoenzyme was required to negatively regulate
c-Myc protein levels. To test this, we inhibited PP2A holoen-
zyme formation by expressing SV40 small T antigen. We then
coexpressed increasing amounts of PP2A-HA-C to determine
whether the uncomplexed PP2A-HA-C subunit could nega-
tively regulate c-Myc protein levels. Consistent with our results
with murine fibroblasts (77), SV40 small T antigen expression
increased c-Myc protein levels in human HEK-293 cells (Fig.
1C, compare lanes 1 and 2). However, addition of PP2A-HA-C
no longer reduced c-Myc protein expression, at levels previ-
ously shown to maximally reduce c-Myc (Fig. 1C, lanes 3 and
4, compared to A). It is important to note that SV40 small T
antigen expression reportedly does not affect PP2A-C subunit
catalytic activity (76). These results strongly suggest that the
PP2A-HA-C subunit must incorporate into a PP2A holoen-
zyme in order to negatively regulate c-Myc protein levels. Con-
sequently, identifying the regulatory B subunit(s) that directs
PP2A activity towards c-Myc is critically important to further
understand the mechanism by which PP2A regulates c-Myc
protein levels.

Adenovirus E4orf4 expression results in increased c-Myc
protein levels. To limit the number of potential regulatory B
subunits under investigation, we made use of another viral
protein, E4orf4, from adenovirus. Unlike SV40 small T anti-
gen, E4orf4 interacts with a subset of intact PP2A holoenzymes
that contain either B55� (30, 60) or B56 family members (27,
61). E4orf4 effectively inhibits these PP2A holoenzymes by
redirecting their activity toward targets important for viral
production (27, 60). As shown in Fig. 1D, increasing amounts
of E4orf4 resulted in a dose-dependent increase in c-Myc pro-
tein levels, similar to that seen with increasing amounts of
SV40 small T antigen (77). Based on this result, we narrowed
our focus to B55� and B56 family members to see if any had a
role in regulating c-Myc protein levels.

RNAi knockdown of the PP2A regulatory B56� subunit re-
sults in increased c-Myc protein levels. We used an RNA
interference screen to individually knock down expression of
B55� and B56 family regulatory subunits to assess whether
they are involved in negatively regulating c-Myc protein levels.
We first examined B55� by using small interfering RNA. As
shown in Fig. 2A, knockdown of B55� did not cause a signif-
icant change in c-Myc protein levels compared to scramble
control siRNA (compare lanes 1 and 3). In contrast, knock-
down of PP2A-C resulted in a substantial increase in c-Myc
protein levels (lane 2), consistent with our previous results
(77). In both cases, PP2A-C and B55� were knocked down by
their siRNAs (90% and 75%, respectively) (Fig. 2A, middle
and bottom panels, lanes 2 and 3). We therefore concluded
that B55� is not involved in negatively regulating c-Myc pro-
tein levels.

Next we examined knockdown of the B56 family of regula-
tory B subunits, which are encoded by five distinct genes: B56�,
-�, -�, -	, and -ε (38, 40). �56�, -�, and -ε each express a single
isoform, whereas �56� and -	 express multiple isoforms due to
alternative splicing, with four encoded by �56� and three en-
coded by B56	 (9, 38, 40) (see Fig. 2E for a summary). We

designed vector-expressed small hairpin RNAs to knock down
the PP2A structural A� (predominant adult form) and B56�,
-�, -�, -	, and -ε subunits. In the case of B56� and -	, the
constructed shRNAs are designed to knock down all splice
variants (Fig. 2E). We tested the specificities of these shRNAs
by cotransfecting each shRNA construct with expression con-
structs for each of the targets: PP2A-A and B56�, -�, -�1, -�3,
-	1, or -ε. Each shRNA specifically reduced expression of its
intended target by 70 to 90% but did not affect expression of
unintended targets (Fig. 2B).

We cotransfected c-Myc with increasing amounts of each
shRNA construct. As expected, increasing knockdown of the
structural A� subunit, which should result in near-global inhi-
bition of all PP2A holoenzymes, caused a robust linear in-
crease in c-Myc protein levels (Fig. 2C, top panel, and D). In
a similar manner, increasing knockdown of B56� resulted in a
linear increase in c-Myc protein levels (Fig. 2C, second panel,
and 2D). In contrast, increasing knockdown of the remaining
B56 subunits did not show a significant effect on c-Myc protein
levels (Fig. 2C, bottom four panels, and D). Results from the
E4orf4 experiment and the RNAi screen strongly suggest that
B56� is likely the regulatory B subunit responsible for target-
ing PP2A activity towards c-Myc.

Knockdown of B56� increases c-Myc protein stability.
PP2A activity has been shown to regulate transcription (3, 42,
70), mRNA stability (28), and translation (4, 32). However, our
previous data show that PP2A activity affects c-Myc protein
stability (77). To determine whether PP2A-B56� might regu-
late c-myc transcription or mRNA stability, we examined en-
dogenous c-myc mRNA levels by RT-PCR upon shRNA
knockdown of B56� in 293 cells. c-myc mRNA levels did not
change when B56� was knocked down, compared to the con-
trol (Fig. 3A, top panel). However, in the same experiment,
endogenous c-Myc protein levels did increase 4.1-fold with
B56� knockdown (Fig. 3A, second panel from bottom), con-
sistent with our results from Fig. 2C and D. We next assessed
whether knockdown of B56� affects c-Myc protein stability. As
shown in Fig. 3B, knockdown of B56� significantly decreases
the rate of c-Myc protein degradation following inhibition of
protein synthesis with cycloheximide (compare middle and top
panels). The quantitated increase in c-Myc half-life with B56�
inhibition, from 25 min to greater than 2 h (Fig. 3B, graph), is
consistent with our previous data showing a five- to sixfold
increase in c-Myc stability upon global inhibition of PP2A
activity (77). These results demonstrate that the increase in
c-Myc protein levels upon knockdown of B56� is due to in-
creased c-Myc protein stability rather than to increased levels
or stability of c-myc mRNA.

B56� associates with c-Myc. Although previous experiments
presented here and elsewhere (77) have demonstrated that
manipulating PP2A function can affect c-Myc protein levels,
nobody has experimentally demonstrated an association be-
tween c-Myc and PP2A. We therefore initially characterized
the general interaction between PP2A and c-Myc. Cells were
cotransfected with an expression vector for c-Myc and either
PP2A-HA-C or empty control. As shown in Fig. 4A, c-Myc
coimmunoprecipitated with anti-HA antibody only in the pres-
ence of the PP2A-HA-C subunit (upper panel, compare lanes
1 and 2). We also coimmunoprecipitated PP2A-HA-C with
c-Myc. His6-tagged c-Myc, c-Myc�TAD (deleted for the trans-
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FIG. 2. Increasing knockdown of B56� results in a robust linear increase in c-Myc protein levels. (A) siRNA knockdown of B55� does not affect
c-Myc protein levels. HEK-293 cells were cotransfected with 50 ng CMV-�gal, 0.5 
g CMV-HA-c-Myc, 0.5 
g pD40-His/V5-B55�, and siRNA
(100 nM final concentration) targeted to either PP2A-C, B55�, or scramble control. Whole-cell lysates were collected at 48 h posttransfection and
normalized for transfection efficiency by �-gal activity, and c-Myc, PP2A-C, and B55� proteins were visualized by Western blot (WB) analysis with
anti-HA.11, anti-PP2A-C�, and anti-V5, respectively. (B) Vector-expressed shRNAs targeted to PP2A-A and B56 family members specifically
knock down intended targets. HEK-293 cells were cotransfected with 50 ng CMV-�gal; 0.5 
g of either pD30-PP2A-FLAG-A or pCEP4HA-B56�,
-�, -�1, -�3, -	1, or -ε (targets); and 2 
g pSUPER-shRNA expression vector [empty () or targeted to PP2A-A or B56�, -�, -�1, -	1, or -ε, as
indicated]. Cells were maintained in DMEM supplemented with 2% FBS and L-glutamine for 72 h. Lysates were prepared and normalized as for
panel A. Immunoblots were probed for PP2A-A with anti-M2-FLAG or for the indicated B56 family members with anti-HA.11. (C) Increasing
knockdown of B56� results in increased c-Myc expression. HEK-293 cells were transfected with 50 ng CMV-�gal, 0.5 
g CMV-HA-c-Myc, and
increasing amounts from 0.25 
g to 1.5 
g of pSUPER-shRNA expression vector [empty () or targeted to PP2A-A or B56�, -�, -�1, -	1, or -ε,
as indicated]. Cells were maintained and lysates prepared and normalized as for panel B. c-Myc was visualized with anti-HA.11 by Western blot
analysis. (D) Knockdown of PP2A-A or B56� results in a linear increase in c-Myc protein levels. c-Myc protein levels were quantified from panel
C and two repeat experiments, and average c-Myc expression and error bars were calculated (see “Western blotting and quantitation” in Materials
and Methods). Changes in c-Myc protein levels were then graphed as change relative to the shRNA control (panel C, lane 1). (E) Schematic of
B56 family members. The B56 family of PP2A regulatory subunits share 71% and 73% amino acid sequence homology in the A subunit binding
domains 1 and 2 (ASBD1 and -2), respectively, but significantly lower homology, less than 39% and 34%, in the N and C termini, respectively,
which are believed to dictate substrate specificity (33, 39, 79). RNAi target sites used in the shRNA expression vectors are indicated by underlined
regions for each B56 member. Splice variations in B56� and B56	 are shown.
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activation domain), or control Ni-NTA columns were gener-
ated and incubated with cellular lysates containing PP2A-
HA-C. As shown in Fig. 4B, the PP2A-HA-C subunit was
pulled out by the c-Myc column (top panel, lane 2) but not by
either the control or c-Myc�TAD column (lanes 1 and 3, re-
spectively). This not only confirms that PP2A and c-Myc asso-
ciate but also shows that the interaction occurs through the
N-terminal transactivation domain of c-Myc. Importantly, the
transactivation domain of c-Myc contains the highly conserved
S62 residue that we have previously shown to be dephosphory-
lated by PP2A (77).

Given that c-Myc associates with PP2A, we asked whether
the interaction is mediated by one or more specific regulatory
B subunits. We focused on the B56 family of regulatory sub-
units as suggested by the E4orf4 and RNAi experiments. We
coexpressed c-Myc with B56�, -�, -�1, -�3, -	1, -ε, or -empty
control and then immunoprecipitated the different B56 sub-
units. As shown in Fig. 4C, c-Myc clearly coimmunoprecipi-
tated with B56� (upper panels, lane 2), but not with B56�, -�1,
-�3, -	1, or -ε (lanes 4, 6, 8, 10, and 12). Furthermore, endoge-
nous PP2A C subunit coimmunoprecipitated with each of the
B56 subunits, suggesting that PP2A holoenzymes are pulled
down in each case (Fig. 4C, 2nd panel from top, even lanes).
We also immunoprecipitated endogenous c-Myc from 293 cells

and showed association with endogenous B56� (Fig. 4D, lane
3). Moreover, endogenous PP2A-C subunit also coimmuno-
precipitated with endogenous c-Myc (middle panel, lane 3).
Studies have shown that association between the regulatory B
and catalytic C subunits is mediated through the structural A
subunit (31, 49, 52, 63). Therefore, it is likely that intact tri-
meric PP2A-B56� holoenzymes associate with c-Myc through
the B56� regulatory subunit.

PP2A-�56� association with the transactivation domain of
c-Myc is enhanced when serine 62 dephosphorylation is inhib-
ited. To determine whether B56� interacts with c-Myc near the
serine 62 phosphorylation site, we immunoprecipitated wild-
type c-Myc (c-MycWT) and c-Myc�TAD from 293 cells cotrans-
fected with B56�. As shown in Fig. 5A, both B56� and endog-
enous PP2A-C subunit coimmunoprecipitated with c-MycWT

(top two panels, lane 5) but not with c-Myc�TAD, compared to
the control (lanes 4 and 6). These results demonstrate that
B56� targets PP2A holoenzymes to the transactivation domain
of c-Myc.

The transactivation domain of c-Myc contains the T58 and
S62 residues, which coordinately regulate c-Myc degrada-
tion, and PP2A dephosphorylates S62. Therefore, we tested
whether the phosphorylation status of T58 or S62 could
affect the interaction between PP2A-B56� and c-Myc. B56�

FIG. 3. PP2A-B56� regulates c-Myc protein stability. (A) Knockdown of B56� does not affect endogenous c-myc mRNA levels. HEK-293 cells
were cotransfected with 50 ng CMV-�gal and 3 
g pSUPER-shRNA-empty () or pSUPER-shRNA-B56� under 10% FBS conditions for 24 h
and then starved in 0.2% FBS for 48 h. Cells exhibiting transfection efficiencies by �-gal assay within 5% of each other were used for RT-PCR
analysis of endogenous c-myc and GAPDH (glyceraldehyde-3-phosphate dehydrogenase gene) mRNA levels. Endogenous c-Myc and �-tubulin
protein levels were also examined in the same experiment by Western blotting (WB) with anti-N262 and anti-�-tubulin, respectively. (B) c-Myc
protein stability is increased upon B56� knockdown. One-hundred-millimeter dishes of HEK-293 cells were cotransfected with 50 ng CMV-�gal,
0.5 
g pD40-His/V5-c-Myc, and 4 
g pSUPER-empty or p-SUPER-B56� under 10% FBS conditions for 24 h. Each transfection mixture was split
into six 60-mm dishes with 10% FBS and then starved in 0.2% FBS for 48 h. Cells were treated with 100 
g/ml cycloheximide (CHX), and cell
lysates were prepared at the indicated time points after treatment. c-Myc and �-tubulin were visualized from samples at each time point with
anti-V5 and anti-�-tubulin by Western analysis. c-Myc protein levels were quantified relative to �-tubulin levels and graphed as percent c-Myc
protein remaining after cycloheximide treatment. Protein half-life was calculated using the Excel (Microsoft) graphing function.
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FIG. 4. c-Myc specifically associates with B56�. (A) c-Myc complexes with PP2A-HA-C subunit. HEK-293 cells were cotransfected with 50 ng
CMV-�gal, 3 
g CMV-Myc, and 3 
g of either pD30-PP2A-HA-C (�) or CMV-empty (), as indicated. Cleared lysate volumes were normalized
by �-gal activity and subjected to immunoprecipitation (IP) with anti-HA.11. Ten percent input volumes and 50% IP samples were analyzed by
Western blotting (WB) for c-Myc with anti-N262 and for PP2A-HA-C with anti-HA.11. (B) PP2A-HA-C associates with the transactivation domain
of c-Myc. HEK-293 cells cotransfected with 50 ng CMV-�gal and 3 
g either pD40-His/V5-control, -c-Myc, or -c-Myc�TAD (input shown in lanes
1 to 3 of the lower panel) were used to generate Ni-NTA-control, -c-Myc, or -c-Myc�TAD columns (see “Ni-NTA columns” in Materials and
Methods). Ni-NTA columns were incubated with cleared lysates from HEK-293 cells transfected with 3 
g pD30-PP2A-HA-C (input shown in lane
4). Column-bound proteins were eluted, and 50% eluate and 10% input samples were subjected to Western blot analysis with anti-V5 for c-Myc
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was immunoprecipitated from 293 cells coexpressing c-
MycWT or c-Myc point mutants (T58A, S62A, T58E, or
S62D). Immunoprecipitates were washed under stringent
conditions to challenge the interaction. As shown in Fig. 5B,
c-MycWT and all four point mutants coimmunoprecipitated
with B56� to various degrees (top panel, even lanes). Since
the S62A mutant lacks phosphorylation at both T58 and S62
(57), this result suggests that phosphorylation at T58 and/or
S62 is not essential for PP2A-B56� association with c-Myc. On
the other hand, both c-MycT58A and the S62 phosphorylation
mimic, c-MycS62D, showed a stronger association with B56�
(Fig. 5B, top panel, lanes 4 and 10, respectively). Previous
studies have demonstrated that c-MycT58A shows substantially
higher S62 phosphorylation levels than c-MycWT, and in vitro
assays show that PP2A fails to dephosphorylate c-MycT58A (35,
57, 77). Thus, the inability of PP2A to dephosphorylate S62, as
occurs with c-MycT58A and the phosphorylation mimic c-
MycS62D mutants, appears to create a “substrate trap” where
relatively more P-S62 c-Myc remains bound to PP2A-B56�
holoenzymes.

Combined expression of the catalytic and B56� subunits
dramatically reduces c-Myc protein levels. In Fig. 1, we dem-
onstrated that increasing PP2A activity by expressing PP2A-
HA-C had limited activity toward reducing c-Myc protein lev-
els. Now that we had identified a specific PP2A holoenzyme,
PP2A-B56�, that associates with c-Myc, we assessed the effects
of increasing expression of this holoenzyme on c-Myc protein
levels. As shown in Fig. 6, expression of either B56� or PP2A-
HA-C alone showed only a slight, but consistent, reduction in
c-Myc protein levels compared to the control (top panel, lanes
1 to 3, and graph). Expression of the PP2A-A subunit alone
generally resulted in increased c-Myc protein levels (lane 4).
Other reports have also described aberrant affects from over-
expressing PP2A-A, which could explain our results (73). How-
ever, the combination of B56� with PP2A-HA-C dramatically
reduced c-Myc protein levels to about 20% of that for the
control (compare lanes 1 and 5 and graph). Coexpression of all
three B56�, HA-tagged C, and PP2A-A subunits together also
significantly reduced c-Myc protein levels to 45% (data not
shown). Taken together, these results demonstrate that in-
creasing PP2A-B56� holoenzyme levels can substantially re-
duce c-Myc protein expression.

Reduced expression of B56� increases the level of serine
62-phosphorylated c-Myc. We have previously observed that
global inhibition of PP2A activity by expression of SV40 small
T antigen causes an increase in S62-phosphorylated c-Myc
(unpublished data). We investigated whether knockdown of
B56� alone could affect the phosphorylation status of c-Myc at
S62. Consistent with our previous findings, knockdown of B56�
resulted in higher total c-Myc protein levels compared to the
control (Fig. 7A, bottom panel, compare lanes 1 and 2). Using

and anti-HA.11 for PP2A-HA-C. (C) PP2A-B56� interacts with c-Myc. HEK-293 cells were cotransfected with 50 ng CMV-�gal, 3 
g pD40-His/
V5-c-Myc, and 3 
g either CMV-empty () or pCEP4HA-B56�, -B56�, -B56�1, -B56�3, -B56	1, or -B56ε, as indicated. Anti-HA.11 immuno-
precipitations were carried out on cleared lysates adjusted for �-gal activity. Two percent input and 50% IP samples were analyzed by Western
blotting with anti-V5 for c-Myc, anti-rabHA for B56 family members, and anti-PP2A-C� for endogenous PP2A-C. (D) Endogenous PP2A-B56�
holoenzymes associate with endogenous c-Myc. Endogenous c-Myc was immunoprecipitated from HEK-293cells with agarose-conjugated C-33
antibody. Control immunoprecipitation was done using agarose A�G beads. Two percent input and 50% IP samples were subjected to Western
blot analysis with anti-PP2A-B�� for endogenous B56�, anti-N262 for endogenous c-Myc, and anti-PP2A-C� for endogenous PP2A-C subunit.

FIG. 5. PP2A-B56� holoenzyme associates with the transactivation
domain of c-Myc. (A) PP2A-B56� requires the transactivation domain
of c-Myc for association. HEK-293 cells were cotransfected with 50 ng
CMV-�gal, 3 
g pCEP4HA-B56�, and 3 
g of either pD40-His/V5-
contol, -c-MycWT, or -c-Myc�TAD, as indicated. Cleared lysates were
collected at 36 h posttransfection and normalized for transfection
efficiency by �-gal activity, and immunoprecipitations (IP) were per-
formed with anti-V5. Five percent input and 50% IP samples were
subjected to Western blot (WB) analysis with anti-V5 for c-Myc, anti-
rabHA for B56�, and anti-PP2A-C� for endogenous PP2A-C. (B) PP2A-
B56� shows a stronger association with c-Myc T58A and S62D point
mutants. HEK-293 cells were cotransfected with 50 ng CMV-�gal, 3 
g
of either CMV-control () or pCEP-4HAB56� (�), and 3 
g pD40-
His/V5-c-MycWT or pD40-His/V5-c-Myc point mutants (T58A, S62A,
T58E, and S62D, as indicated). Lysates were prepared and normalized
as for panel A and subjected to immunoprecipitation with anti-HA.11.
Immunoprecipitates were washed with a stringent buffer (see “Coim-
munoprecipitation” in Materials and Methods). Ten percent input and
50% IP samples were analyzed by Western analysis with anti-V5 for
c-Myc, anti-rabHA for B56�, and anti-PP2A-C� for endogenous
PP2A-C.
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phospho-specific antibodies, we also observed a significant in-
crease in both S62- and T58-phosphorylated c-Myc (top and
middle panels). In contrast, knockdown of the other B56 family
members did not significantly affect total c-Myc levels or S62
and T58 phosphorylation levels (Fig. 7A, lanes 3 to 6). The
concurrent increase of c-Myc T58 phosphorylation with B56�
knockdown is not surprising, since we are blocking the degra-
dation of c-Myc prior to dephosphorylation on S62 by PP2A
but after GSK-3� phosphorylates c-Myc on T58, and thus we
are accumulating doubly phosphorylated c-Myc. By simulta-
neously probing for total and phospho-c-Myc, we were able to
quantitate the relative increases in S62 and T58 phosphoryla-
tion with respect to total c-Myc. As shown in Fig. 7B, we
observed a significant enrichment in both S62- and T58-phos-
phorylated c-Myc species relative to total c-Myc, with average
increases of 1.8- and 1.4-fold, respectively, upon B56� knock-
down. A near doubling in the population of c-Myc that is S62
phosphorylated could significantly affect c-Myc function.

Knockdown of PP2A-�56� enhances c-Myc-dependent tran-
scriptional activity. c-Myc is a transcription factor that posi-
tively regulates the transcription of a number of target genes
that are critical for cellular proliferation, growth, and differ-
entiation (10). Consequently, we asked whether the increase in
c-Myc expression observed upon knockdown of B56� has func-
tional significance. To asses c-Myc-driven transcription, we
used two luciferase reporter plasmids that contain the E2F2
promoter, which either have consensus E-box c-Myc binding
sites (E2F2-Luc) or have point mutations in these binding sites
that prevent c-Myc binding [E2F2(-E-box)-Luc] (58). As
shown in Fig. 7C, knockdown of B56� again resulted in signif-
icantly increased c-Myc protein levels (lane 2) compared to
knockdown of the other B56 family members and the shRNA
control (lanes 1 and 3 to 6). Importantly, this increased accu-
mulation of c-Myc was accompanied by a statistically signifi-
cant increase in E2F2-Luc reporter activity over that seen with
c-Myc when B56� is not knocked down [Fig. 7C, graph, E2F2-
Luc, B56� compared to ()]. In contrast, the negative control
E2F2(-E-box)-Luc reporter plasmid, which does not support
c-Myc binding, did not show a statistically significant change in
activity when B56� was knocked down [Fig. 7C, E2F2(-E-box)-
Luc, B56� compared to ()]. These results demonstrate that
the B56� effect on E2F2 promoter activity is c-Myc dependent.
In contrast, knockdown of the remaining B56 family members
showed only minor changes in the activity of either E2F2-Luc
or E2F2(-E-box)-Luc (Fig. 7C, B56�, -�, -	, and -ε). We also
examined the effect of knocking down B56� on endogenous
c-Myc-driven transcription of the E2F2 gene. Figure 7D shows
a 1.9-fold increase in E2F2 mRNA levels when B56� (lane 2)
is knocked down compared to the control (lane 1). As a pos-
itive control, knockdown of PP2A-A (lane 3) resulted in a
2.1-fold increase in E2F2 mRNA levels compared to the con-
trol. The �2-fold increase in c-Myc-dependent E2F2 promoter
activation with B56� knockdown is consistent with increases
seen in c-Myc-driven transcription when c-Myc is stabilized by
inhibition of PP2A activity with SV40 small T antigen (77).
Based on these results, we conclude that PP2A-B56� nega-
tively regulates c-Myc protein levels, and this level of control is
important for regulating c-Myc activity. In the absence of this
control, aberrant expression of functional c-Myc can occur.

DISCUSSION

Our previous work demonstrated a prominent role for PP2A
in regulating c-Myc protein levels and activity (77). Given the
significant number of regulatory roles assigned to PP2A, iden-
tifying the specific PP2A holoenzyme involved in regulating
c-Myc gives us valuable insight into the control of c-Myc on-
cogenicity, as well as further understanding of how PP2A can
function as a tumor suppressor. In this report, we present data
identifying a specific PP2A holoenzyme containing the regula-
tory B subunit, B56�, that interacts with the transactivation
domain of c-Myc containing the S62 residue we previously
demonstrated to be dephosphorylated by PP2A. Furthermore,
we show that the PP2A-B56� holoenzyme negatively regulates
c-Myc protein stability and function, demonstrating the impor-
tance of this interaction with respect to c-Myc biology.

PP2A function toward c-Myc is regulated by trimeric ho-
loenzyme formation. It has previously been shown that ectopic

FIG. 6. Increased PP2A-B56� activity reduces c-Myc protein lev-
els. HEK-293 cells were cotransfected with 50 ng CMV-�gal, 1 
g
CMV-Myc and 1 
g of pD30-PP2A-FLAG-A, pD30-PP2A-HA-C,
and/or pD40-His/V5-B56�, as indicated. Whole-cell lysates were col-
lected at 48 h posttransfection and normalized for transfection effi-
ciency by �-gal activity, and samples were subjected to Western blot
(WB) analysis with anti-N262 for c-Myc, anti-M2-FLAG for PP2A-A,
anti-HA.11 for PP2A-C, and anti-V5 for B56�. c-Myc protein levels
were quantified from three separate experiments, and average protein
levels with error bars were graphed relative to control protein levels
(see “Western blotting and quantitation” in Materials and Methods).
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expression of the PP2A-HA-C subunit in HEK-293 cells in-
creases cellular PP2A activity (2). However, whether PP2A-
HA-C requires trimeric PP2A holoenzyme formation to function
has not been fully elucidated. Some studies have demonstrated
that free PP2A-C and the dimeric catalytic core, PP2A-A/C,

can dephosphorylate known PP2A targets in vitro (65, 76).
However, other reports show that the regulatory B subunit is
required for PP2A substrate specificity and greatly increases
PP2A activity towards known targets (1, 6, 37, 66, 68, 75). Our
findings show that in order to affect c-Myc accumulation, ec-

FIG. 7. Knockdown of PP2A-B56� increases S62- and T58-phosphorylated c-Myc as well as c-Myc-driven transcription. (A) c-Myc S62 and T58
phosphorylation increases upon PP2A-B56� knockdown. HEK-293 cells were cotransfected with 50 ng CMV-�gal, 0.5 
g CMV-Myc-HA-WT, and
1.5 
g of pSUPER-shRNA expression vector [empty () or targeted to B56�, B56�, B56�, B56	, or B56ε, as indicated]. Whole-cell lysates were
collected at 72 h posttransfection. Samples were normalized for �-gal activity and analyzed by Western blots (WB) simultaneously probed with
anti-HA.11 for total c-Myc and either anti-T58phospho for T58 phosphorylation or anti-S62phospho for S62 phosphorylation. Anti-HA.11 was
detected with secondary anti-mouse Alexa Fluor 680, and anti-T58phospho and anti-S62phospho were detected with secondary anti-rabbit
IRDye800. The Western blots shown are representative of S62 phosphorylation, T58 phosphorylation, and total c-Myc protein levels from three
separate experiments. (B) S62- and T58-phosphorylated c-Myc is enriched upon B56� knockdown. S62 or T58 phosphorylation levels along with
total c-Myc levels, from simultaneously probed Western blots, were quantitated using LI-COR software (see “Western blotting and quantitation”
in Materials and Methods). Ratios of S62-phosphorylation/total c-Myc and T58-phosphorylation/total c-Myc were calculated. Average ratios with
error bars from the experiment shown in panel A and two repeat experiments were graphed relative to control () levels, and statistically
significant differences are indicated (�). (C) B56� knockdown selectively increases c-Myc-driven transcription. HEK-293 cells were cotransfected
with 50 ng CMV-�gal, 0.5 
g CMV-HA-c-Myc, and 10 ng of either E2F2-Luc or E2F2(-E-box)-Luc, along with 1.5 
g pSUPER-shRNA expression
vector [empty () or targeted to B56� B56�, B56�, B56	, or B56ε, as indicated]. Whole-cell lysates were collected at 72 h posttransfection. c-Myc
protein levels are shown by Western analysis with anti-HA.11. Luciferase activity was measured and corrected for transfection efficiency based on
�-gal activity. Average corrected luciferase activity from three separate experiments was graphed with error bars, and statistically significant
differences are indicated (�). (D) Knockdown of B56� increases endogenous E2F2 mRNA levels. HEK-293 cells were cotransfected with 50 ng
CMV-�gal and 3 
g pSUPER-empty, pSUPER-B56�, or pSUPER-PP2A-A under 10% FBS conditions for 24 h and then starved in 0.2% FBS
for 48 h. Cells exhibiting transfection efficiencies by �-gal assay within 5% of each other were used for RT-PCR analysis of endogenous E2F2,
c-myc, and GAPDH mRNA levels.
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topically expressed PP2A-HA-C must incorporate into PP2A
holoenzymes. Moreover, our results suggest that holoenzyme
formation directed toward c-Myc is limited, presumably due to
low levels or limited accessibility of the specific regulatory B
subunit, B56�. Accordingly, we show that manipulation of
B56� expression levels can dramatically affect c-Myc accu-
mulation.

PP2A holoenzyme formation has been strongly implicated in
cellular tumor suppressor activity. For example, there are a
number of PP2A-A subunit mutations reported to occur in a
variety of cancers that disrupt PP2A holoenzyme formation
(50, 51, 71). Additionally, inhibition of PP2A holoenzyme as-
sembly by expression of SV40 small T antigen has been shown
to be a critical step in the experimental conversion of primary
human cells to a transformed tumorigenic state (20, 45, 53, 78).
Interestingly, the requirement for PP2A inhibition in this assay
can be circumvented by expression of the stable c-MycT58A

mutant, which is resistant to PP2A-mediated dephosphoryla-
tion and degradation (77). These findings highlight the impor-
tance of PP2A holoenzyme formation for tumor suppressor
activity and reveal the critical nature of PP2A regulation of
c-Myc for normal cellular function.

B56� targets c-Myc and is a key regulator of PP2A tumor
suppressor activity. The B56 family of PP2A regulatory B
subunits is diverse, with each member displaying distinct tissue
expression, developmental expression, and subcellular localiza-
tion patterns (36, 40). In general, the B56 family members have
been regarded as tumor suppressors (67). To date, a great deal
of attention has focused on the B56� isoforms. An N-terminal
deletion mutant of B56�1, found in a mouse melanoma cell
line, has been shown to result in increased metastasis by de-
regulation of paxillin (23) and inhibition of the gamma irradi-
ation cell cycle check point, contributing to genomic instability
(23, 24). B56�3 is reported to regulate Chk2 and p300 protein
levels (6, 13), as well as to be involved in cell cycle control by
regulating Mdm2 and p53, through its association with cyclin G
(43, 44).

Although the B56� subunits are clearly tumor suppressors,
knockdown of the B56� subunits recapitulates the requirement
for SV40 small T antigen in cellular transformation of primary
human cells only after a significantly longer period of time (7).
This result suggests that other PP2A holoenzymes targeted by
SV40 small T antigen play an essential role in the transforma-
tion of human cells. In this regard, our results showing that
c-Myc is a target of PP2A-B56� identify another such PP2A
holoenzyme targeted by SV40 small T antigen with tumor
suppressor function.

The B56� regulatory subunit is reported to be the most
ubiquitously expressed isoform of the B56 family (36, 40),
making it an ideal regulatory B subunit to target PP2A activity
towards c-Myc, since c-Myc is also ubiquitously expressed. Al-
though there are no known mutations in B56� in human can-
cers, two mutations identified in the PP2A-A subunit from
human tumors have been shown to specifically disrupt the
binding of B56� to PP2A-A, selectively inhibiting PP2A-B56�
holoenzyme formation (51). In addition, several other impor-
tant cellular regulatory proteins have been shown to be tar-
geted by B56�. The antiapoptotic protein Bcl2 has been shown
to be inactivated by B56� (54), and B56� plays a crucial role in
negatively regulating protein levels of the Wnt-signaling tran-

scription factor �-catenin (34, 59). The discovery that c-Myc
is a B56� target places B56� at a critical junction point for
regulating multiple potent oncoproteins.

Interplay between the oncogenic activity of c-Myc and the
tumor suppressor function of PP2A-B56�. Despite its critical
role in regulating multiple oncoproteins, B56� transcript levels
are found to be relatively low in most tissues, and data pre-
sented here suggest that B56� protein is limiting toward c-Myc
(36). Presumably, under normal or quiescent cellular condi-
tions, when c-Myc and �-catenin proteins levels are low and
Bcl2 is not activated, these low levels of B56� are sufficient.
However, aberrant deregulation of any one of these oncopro-
teins could sequester the majority of B56� and thereby cause
deregulation of the other oncoproteins regulated by PP2A-
B56�. In fact, �Np63�, an oncogenic form of the p53 family
member p63, which is overexpressed in squamous cell car-
cinomas, has been reported to associate with B56�, and this
results in the accumulation of �-catenin (46). Our finding
that c-MycT58A has a stronger association with PP2A-B56�
than wild-type c-Myc could mean that it acts in a manner
similar to that of �Np63, explaining in part the increased
oncogenicity of c-MycT58A versus c-MycWT (22, 48, 57). Fur-
thermore, c-MycT58A shows reduced apoptosis compared to
c-MycWT, which could be facilitated by the efficient seques-
tering of PP2A-B56� by c-MycT58A, thus preventing B56�-
mediated inactivation of the antiapoptotic Bcl2 (5, 21).
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