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The B55a Regulatory Subunit of Protein Phosphatase 2A Mediates
Fibroblast Growth Factor-Induced p107 Dephosphorylation and
Growth Arrest in Chondrocytes

Victoria Kolupaeva, Lea Daempfling,* Claudio Basilico
Department of Microbiology, New York University School of Medicine, New York, New York, USA

Fibroblast growth factor (FGF)-induced growth arrest of chondrocytes is a unique cell type-specific response which contrasts
with the proliferative response of most cell types and underlies several genetic skeletal disorders caused by activating FGF recep-
tor (FGFR) mutations. We have shown that one of the earliest key events in FGF-induced growth arrest is dephosphorylation of
the retinoblastoma protein (Rb) family member p107 by protein phosphatase 2A (PP2A), a ubiquitously expressed multisubunit
phosphatase. In this report, we show that the PP2A-B55a holoenzyme (PP2A containing the B55a subunit) is responsible for
this phenomenon. Only the B55a (55-kDa regulatory subunit, alpha isoform) regulatory subunit of PP2A was able to bind p107,
and this interaction was induced by FGF in chondrocytes but not in other cell types. Small interfering RNA (siRNA)-mediated
knockdown of B55a prevented p107 dephosphorylation and FGF-induced growth arrest of RCS (rat chondrosarcoma) chondro-
cytes. Importantly, the B55 subunit bound with higher affinity to dephosphorylated p107. Since the p107 region interacting
with B55a is also the site of cyclin-dependent kinase (CDK) binding, B55a association may also prevent p107 phosphorylation

by CDKs. FGF treatment induces dephosphorylation of the B55a subunit itself on several serine residues that drastically in-
creases the affinity of B55c for the PP2A A/C dimer and p107. Together these observations suggest a novel mechanism of p107
dephosphorylation mediated by activation of PP2A through B55a dephosphorylation. This mechanism might be a general signal
transduction pathway used by PP2A to initiate cell cycle arrest when required by external signals.

he response of cells to growth factor signaling is often cell type

specific, so that different cells exposed to the same growth
factor will show a totally different biological response ranging
from stimulation of proliferation, differentiation, or growth inhi-
bition. While in some cases this could be due to the utilization of
distinct, although cognate receptors, in many other cases it can be
shown that different biological outcomes result from activation of
the same receptor in a different biological context.

An example of such behavior is the response of chondrocytes to
fibroblast growth factor (FGF) signaling. Chondrocyte prolifera-
tion and differentiation are required for the process of endochon-
dral ossification that mediates the formation and growth of long
bones and vertebrae. One of the major regulators of this process is
FGF signaling. Excessive or unregulated FGF signaling caused by
activating FGF receptor (FGFR) mutations strongly inhibits
chondrocyte proliferation and affects their differentiation, result-
ing in several bone morphogenetic disorders (1), and it is now
quite clear that the major biological response of chondrocytes to
FGF is inhibition of cell proliferation.

This response is cell type specific and contrasts with the prolif-
erative FGF response in most other cells. We have sought to iden-
tify the determinants of the growth inhibitory response of the
chondrocytes to FGF, and we previously showed (2) that it re-
quired the function of the p107 and p130 members of the retino-
blastoma protein (Rb) family but not of pRb (3). Rb proteins are
vital cell cycle regulators, and their function is regulated by phos-
phorylation at several Ser/Thr residues. In the active hypophos-
phorylated form, Rb proteins interact with and inhibit transcrip-
tional activation by the E2F family of transcription factors that
control the expression of many cycle progression genes. Phos-
phorylation by cyclin-dependent kinase (CDK)/cyclin complexes
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inactivates the Rb proteins, allowing E2F factors to positively in-
fluence cell cycle progression (4).

Consistent with the growth inhibitory response, Rb proteins all
become dephosphorylated upon FGF treatment of chondrocytes,
but while p130 and pRb undergo dephosphorylation several hours
after exposure of the cells to FGF, p107 is dephosphorylated
within the first hour of FGF treatment. p107 dephosphorylation is
observed in the presence of RNA and protein synthesis inhibitors,
indicating that it results from a signaling event (5). The finding
that p107 dephosphorylation occurred while chondrocytes still
exhibited robust activity of CDK/cyclin complexes suggested that
it resulted from the activation of a phosphatase (5, 6), and we
showed that p107 dephosphorylation was both an early and key
event in the induction of growth arrest produced by FGF in chon-
drocytes and required the activity of protein phosphatase 2A
(PP2A).

PP2A is an abundant Ser/Thr phosphatase which represents a
family of 4 dimeric and >90 heterotrimeric holoenzymes. The
phosphatase consists of a scaffolding, structural A subunit (PR65)
which forms a stable complex with the catalytic C subunit. This
heterodimer in turn associates with a regulatory B subunit that
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determines substrate specificity and subcellular localization and
comprises at least 4 families of molecules with over 20 members
(7). A variety of studies have demonstrated that PP2A regulates a
number of cellular processes. It is also generally regarded as a
tumor suppressor, as PP2A predominantly displays proapoptotic
functions (8-11).

The complexity of PP2A activity regulation is highlighted by
the fact that its functions can be regulated in different ways:
through interaction with inhibitory proteins, such as cancerous
inhibitor of PP2A (CIP2A) (12) and simian virus 40 (§V40) small
t antigen (13), through modifications of the catalytic subunit (7)
and by complexing with different regulatory subunits. A variety of
substrates specific for different regulatory subunits have been re-
ported, yet the way in which they are specifically targeted by PP2A
is often not understood. Moreover, the same regulatory subunit
might target a set of diverse substrates. For example, the B55a
(55-kDa regulatory subunit, alpha isoform) subunit has been in-
volved in dephosphorylation of CDK1/cyclin B1 substrates during
the mitotic transition (14-16), dephosphorylation of AKT
(Thr308) (17), Tau protein (18), FOXO1 (forkhead box O1) tran-
scription factor (19), EDD (a negative regulator of p53) (20), beta-
catenin (21), and p107 (22). The latter was also reported to be a
substrate of PP2A-PR59 holoenzyme (23).

The work presented here aimed to identify the PP2A regulatory
subunit whose activation by FGF results in p107 dephosphoryla-
tion and growth arrest of chondrocytes. We show that the B55a
subunit is highly expressed in chondrocytes and is the only regu-
latory subunit that can stably bind p107. The association of B55a
with p107 is increased by FGF treatment and knockdown of B55a
blunts p107 dephosphorylation and the FGF growth-inhibiting
response. The interaction of B55a with p107 requires the spacer
region of p107 and appears to favor dephosphorylated over phos-
phorylated p107. Importantly, phosphorylation of B55a at several
specific serine residues strongly inhibits its affinity to PP2A A/C
dimers and eliminates p107 binding, in line with the finding that
the B55a form that is coimmunoprecipitated with p107 in RCS
(rat chondrosarcoma) cells is dephosphorylated. While the mech-
anisms by which FGF signaling “activates” the PP2A-B55a ho-
loenzyme (PP2A containing the B55a subunit) to dephosphory-
late p107 remains to be elucidated, dephosphorylation of the
B55a subunit is likely responsible for the increase in PP2A phos-
phatase activity and/or affinity to p107 that lead to p107 dephos-
phorylation and the initiation of cell cycle arrest.

MATERIALS AND METHODS

Reagents and antibodies. All chemicals were from Sigma-Aldrich (unless
otherwise stated). ATP was from New England BioLabs, [y->*P]ATP was
from PerkinElmer, and Lipofectamine 2000 was from Life Technologies.
The following antibodies were used: anti-PP2A-A (antibody against the
alpha isoform of regulatory subunit A of PP2A) (H300), anti-PP2A-B55a
(2G9), anti-p107 (C-18), and agarose-conjugated anti-p107 (Santa Cruz
Biotechnology); anti-a-tubulin (clone B-5-1-2), antiactin, antibody
against glutathione S-transferase (anti-GST), and antibody against hem-
agglutinin (anti-HA) (Sigma-Aldrich); antiphosphoserine, antiphospho-
threonine, anti-phospho-pan (Life Technologies), anti-PP2A-A (07-250),
and anti-PP2A-C (05-545) (EMD Millipore Corporation); anti-phospho-
p44/42 mitogen-activated protein kinase (MAPK) (extracellular signal-
regulated kinases 1 and 2 [ERK1/2]), anti-p44/42 MAPK (ERK1/2), anti-
PP2A-B55a (100C1), anti-phospho-AKT (Ser473), anti-AKT (Cell
Signaling Technology), and antistreptavidin (IBA BioTagnology). Pro-
tease and phosphatase inhibitor cocktails were purchased from Thermo
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Scientific, and restriction enzymes and T4 DNA ligase were purchased
from New England BioLabs.

Cell culture and fluorescence-activated cell sorting (FACS) analysis.
Rat chondrosarcoma (RCS), OB1, and C;H,,T1/2 cells were maintained
in Dulbecco modified Eagle medium (DMEM) supplemented with 10%
fetal calf serum (FCS) at 37°C and 9% CO,. For in vivo labeling with
[**P]orthophosphate (PerkinElmer), the cells were washed with phos-
phate-free DMEM and incubated for 6 h with the same medium contain-
ing 0.4 mCi of [**P]orthophosphate/6-cm dish. Labeling was stopped by
washing the cells twice with ice-cold phosphate-buffered saline (PBS).
The cells were lysed in buffer A as described below. PP2A-A scaffolding
PR65 subunit with the Strep-tag (IBA BioTagnology) fused to C terminus
was amplified from the PR65-Strep-tag III (PR65-Streplll) plasmid (51)
and inserted into pBABEpuro vector between BamHI and EcoRI sites. The
individual RCS cell clones were obtained by 2-week selection with puro-
mycin. Retroviral vector expressing p107SC-FLAG was stably introduced
into RCS cells (24). A PCR fragment from GST-p107SC for bacterial in-
fection (22) was inserted between the EcoRI and BamHI sites in the
pLXSN vector using the following primers: 5'-TATAGAATTCACCAUG
GTTCCTACCTGTGAAGAA-3" and 5'-TATAGGATCCTTACTTGTCA
TCGTCATCCTTGTAATCATGATTTGCTCTTTCACTGAC-3' (the se-
quence for the FLAG tag is underlined). The sequence contains amino
acids V585 to N780 fused to Y949 to H1068. RCS cells with empty pLXSN
vector were used as a control. The p107S-HA vector was obtained by
inserting the PCR fragment from the GST-p107S construct (22) into the
pUNO-mcs vector (InvivoGen) between the BamHI and PstI sites using
the following primers: 5'-TATAGGATCCACCAUGGTTCCTACCTGT
GAAGAAGTTATATTC-3" and 5'-TATACTGCAGTTAAGCGTAATCT
GGAACATCGTATGGGTAGTTTATTCCAGTTGAATGTACCTC (the
sequence for the HA tag is underlined). Plasmids containing the sequence
for mutations in the B55a subunit were generated using QuikChange
site-directed mutagenesis kit (Agilent Technologies) according to the
manufacturer’s protocol. RCS cells were transfected with an equal
amount of plasmids using Lipofectamine 2000 according to the manufac-
turer’s instructions. Cells were treated with fibroblast growth factor
(FGF1) (10 ng/ml) (a kind gift from M. Mohamadi, New York University
[NYU]) and heparin (5 pg/ml) as indicated in the figure legends. Chon-
drocytes from the ribs of newborn rats were isolated in accordance with
the standard procedure (25) and treated with FGF after 48 h for the peri-
ods of time indicated in the figures legends. 32 To induce oxidative stress,
H,0, (final concentration of 800 M in PBS solution) was administered
to the RCS cells for the periods of time indicated in the figure legends.
Flow cytometry was performed using FACScan (Becton, Dickinson) and
analyzed using ModFit LT (Verity Software House) software.

siRNA transfection. The small interfering RNA (siRNA) (sense and
antisense strands) were purchased from Ambion (Life Technologies). The
sense strand sequences were the following: siRNA B55a1, 5'-GGUUUAU
CUAUGAAACGGA-TT; siRNA B5502,5'-GAAAGAACUGGAACGCG
AA-TT. Transfections were performed using Lipofectamine 2000 accord-
ing to the manufacturer’s instructions (Life Technologies). Cells were
transfected twice with a 24-h interval between the two transfections to
increase siRNA uptake. One hundred fifty picomoles of siRNAs was used
fora 12-well plate. The cells were treated with FGF1 36 h after transfection
for the periods of time indicated in the figure legends.

Immunoprecipitation, GST pulldown assay, and in vitro protein
phosphorylation. Protein lysates were prepared in buffer A (50 mM Tris
HCI [pH 7.4], 150 mM NaCl, 10 mM KCl, 1% NP-40, 1 mM EDTA) in the
presence of phosphatase inhibitors (1 mM Na,;VO,, 10 mM NaF,10 mM
Na,P,0,) and protease inhibitors (Halt protease inhibitor cocktail,
EDTA-free; Thermo Scientific Inc.). For Strep-tag purification, okadaic
acid (OA) (final concentration of 5 nM) was added to buffer A. For im-
munoprecipitation, 0.5 mg of total protein was incubated with 2 pg of
antibody overnight at 4°C. Agarose-conjugated anti-p107 and anti-
PP2A-Ba (2G9, supplemented with protein A/G Plus-agarose) antibodies
were used. For detection of phosphorylated PP2A-Ba, cell lysates were
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prepared using buffer A, and then 0.5 mg of total protein was incubated
for 2 h at 4°C in the presence of 0.3% SDS to disrupt PP2A complexes.
Anti-PP2A-Ba antibodies (2G9, supplemented with protein A/G Plus-
agarose) were used overnight at 4°C. Glutathione-Sepharose 4B beads (20
wl of 50% suspension in PBS) were used to immunoprecipitate GST-
tagged PP2A regulatory subunits (26). The immune complexes were
washed 4 times with 1 ml of buffer A. Input (5%) from RCS cells and
immunoprecipitates (50%) were resolved on 10% SDS-polyacrylamide
gels and analyzed by immunoblotting. Anti-mouse IgG and anti-rabbit
IgG were used as a negative control for p107 and B55a immunoprecipi-
tates, respectively.

For GST pulldown assays, p107 mutants were isolated from bacteria
using glutathione-Sepharose 4B. Bacterial cultures were centrifuged, re-
suspended in buffer B (50 mM Tris HCI [pH 7.4], 100 mM KCl, 0.1 mM
EDTA, 0.1% Triton X-100, 5% glycerol) and sonicated. Sonicated bacte-
rial lysates were then cleared by centrifugation and added to a glutathione-
Sepharose 4B column. The bound material was washed with 10 volumes
of GST buffer (50 mM Tris HCI [pH 7.4], 50 mM KCI, 1.5 mM DTT, 5%
glycerol) and eluted with 20 mM reduced glutathione in GST buffer. Ami-
con Ultra filters (cutoff, 10 kDa) were used to concentrate eluted fractions
and to reduce glutathione concentration to 1 pM. For GST pulldown
assay, 20 to 50 pmol of GST-tagged p107 mutants were preincubated for
30 min at 4°C with 20 .l glutathione-Sepharose 4B beads, and then 0.3 mg
of total cell lysate prepared in buffer A was added and incubated for 2 h at
4°C. The bead pellet was washed three times with 1 ml of buffer A. Boiled
samples were then subjected to 10% SDS-PAGE. For GST pulldown assay
with phospho- and nonphospho-p107 mutants, 230 pmol of GST-tagged
p107 mutants was phosphorylated by cyclin E/CDK2 complexes (1 pg;
Millipore) in the presence of 25 wCi [y->*P]ATP in the “kinase” buffer (50
mM HEPES [pH 7.4], 15 mM MgCl,, 25 mM B-glycerophosphate, 2.5
mM EGTA, 1 mM dithiothreitol [DTT], 20 uM ATP) for 30 min at 30°C.
The reaction mixtures were desalted using Zeba spin desalting column
(Thermo Scientific) equilibrated with buffer A and supplemented with
phosphatase inhibitors. The nonphosphorylated mutants were treated in
exactly the same way with the enzyme omitted from the reaction mixture.

Large-scale Strep-tag purification. RCS cell lines expressing PR65-
StreplIl were cultured as described above and treated with FGF1 for the
periods of time indicated in the figure legends. Five 150-mm plates were
used for a single time point. Hyaluronidase treatment (20 min at 37°C;
final concentration of 250 units/ml) was combined with FGF treatment to
facilitate cell lysis. The cells were washed twice with cold PBS and collected
in buffer A supplemented with 5 nM OA. Thirty-five milligrams of total
protein was loaded on the column packed with 200 pl of Strep-Tactin
resin (IBA BioTagnology). The columns were washed twice with 20 vol-
umes of buffer A supplemented with 5 nM OA, and complexes were eluted
with buffer A (supplemented with 5 nM OA and 3 mM desthio-
biotin, NP-40 omitted) in five 200-pl fractions. These fractions were
concentrated on Amicon Ultra YM-10 units (Millipore) and loaded on
gradient (8 to 12%) SDS-PAGE. The gel was stained with SimplyBlue
SafeStain Coomassie blue stain (Invitrogen) compatible with mass spec-
trometry according to the manufacturer’s protocol.

RESULTS

The majority of protein phosphatase 2A holoenzymes in RCS
cells contain B55a or B560 regulatory subunits. p107 dephos-
phorylation is a key event in FGF-induced cell cycle arrest in chon-
drocytes and is mediated by protein phosphatase 2A (PP2A) (27).
However, the PP2A holoenzyme responsible for FGF-induced
p107 dephosphorylation is unknown as well as the mechanism of
FGF-induced PP2A activation. To identify the specific PP2A com-
plex that mediates FGF-induced p107 dephosphorylation, we first
determined the organization of PP2A heterotrimeric enzymes in
rat chondrosarcoma (RCS) cells, using PR65 (A subunit, a scaf-
folding subunit) as bait. RCS cells were chosen for these experi-
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ments, as they exhibit most properties of proliferating chondro-
cytes, including the FGF inhibitory response.

Retroviral vector encoding PR65 (human, alpha isoform)
fused to StrepIII at its C terminus was stably introduced into RCS
cells. PR65-StrepllI protein can be easily distinguished not only by
anti-StrepllIl antibodies (Fig. 1A, bottom gel) but also by anti-
PP2A-A antibodies due to the decreased electrophoretic mobility
of the tagged PR65 subunit (Fig. 1A, top gel). Two clones with the
highest levels of PR65 expression were chosen for further purifi-
cation (lanes 1 and 3 in the top gel in Fig. 1A). The FGF response
of both clones was identical to parental RCS cells as was confirmed
by rapid p107 dephosphorylation and ERK1/2 activation (Fig.
1B). PP2A-PR65-Streplll complexes Strep-PR65 subunit from
FGF-treated or untreated cells were affinity purified on streptavi-
din agarose; eluates (Fig. 1A, bottom gel) were concentrated and
separated on the gradient SDS-polyacrylamide gel (Fig. 1C). The
protein bands of interest were identified by mass spectrometry. As
expected, the major band with 33 matched peptides was assigned
to the alpha isoform of the A subunit (Fig. 1C). PP2A-C catalytic
subunit (both alpha and beta isoforms) was also identified in
eluted complexes. Several regulatory subunits were detected. One
of the most abundant bands was identified as regulatory B55 sub-
unit, alpha isoform (B55a) (Fig. 1C). Out of 15 matching pep-
tides, four could be also matched to the delta isoform (B558) with
only one additional unique peptide (FFEEPEDPSSR) for B558.
No unique peptides were identified for the B55@3 subunit, though
it shares 6 matching peptides with B55a.. The B’ (B56) family of
regulatory subunits was represented by B56¢, B563, and B56y iso-
forms (Fig. 1C).

We were also able to identify several other proteins that copu-
rified with the PR65 subunit and might be potential substrates of
PP2A. Two proteins, eukaryotic elongation factor I1-alpha
(eEF1A1; gil28460696) and eukaryotic elongation factor 2 (eEF2;
gi133859492) are major components of the translation machinery
(28). The activities of both proteins are modulated by phosphor-
ylation; however, the phosphatase that would counteract their
phosphorylation is not known (29-31). The presence of eEFA1
and eEF2 in PP2A complexes suggests that PP2A might be respon-
sible for their dephosphorylation. PP2A has been implicated in
modulation of phosphorylation status of acetyl-coenzyme A car-
boxylase (ACC) (32). Accordingly, this protein was detected in
PP2A complexes (gil11559962) (Fig. 1C). Among other detected
proteins were y-actin (gil4501887) and a-actinin 4 (gil77539778).
Both proteins were mainly detected in FGF-treated cells but not in
untreated RCS cells. It has been reported that actin phosphoryla-
tion was important for its functions (33). Thus, actin enrichment
in PP2A complexes upon FGF treatment may reflect its functional
interaction with PP2A which would counteract its phosphoryla-
tion, while a-actinin’s presence is likely due to its stable binding to
actin rather than direct binding to PP2A. FGF treatment of RCS
cells causes strong cytoskeletal alterations (34; also our unpub-
lished data), which might require changes in phosphorylation sta-
tus of actin.

Since B55a and B56 family members were the most abun-
dantly expressed PP2A regulatory subunits in RCS cells, we over-
expressed the B55a regulatory subunit and 4 members of B56
family (o, 3, vy, and €) to investigate their potential interaction
with p107. Association of p107 with the B55a subunit has been
previously reported in U20S cells (22) under physiological con-
ditions; however, it was not known whether this interaction is
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FIG 1 Identification of functional PP2A multiprotein complexes in RCS cells. PR65-StrepllI (subunit A, a scaffolding subunit) was stably introduced into RCS
cells, and these cells were treated with FGF for the periods of time (in hours) indicated in the figure. (A and B) Twenty micrograms of total protein from the
indicated cell lines (clones 1 to 4 overexpressing PR65-StreplIl) was analyzed by SDS-PAGE following by immunoblotting. Equal amounts of protein loading
were confirmed by a-tubulin immunodetection. (A) Anti-PP2A-A antibodies identify two bands in the cell lines overexpressing PR65-StreplII (endogenous/
tagged). The top band is also recognized by anti-StreplII antibody (bottom panel). Aliquots from each step of the purification (as indicated in the bottom panel)
were analyzed by immunoblotting. (B) ERK1/2 is activated by FGF in experimental cell lines similar to parental RCS cells. de-p107, dephosphorylated p107;
a-tub, a-tubulin. (C) Thirty-five milligrams of total protein from the cells overexpressing PR65-StreplII was loaded on the Strep-Tactin resin, and PP2A
PR65-StrepllI containing holoenzymes were isolated as described in Materials and Methods. After concentration, the final elutes were separated on gradient
SDS-polyacrylamide gels and stained with SimplyBlue SafeStain Coomassie blue stain. The bands of interest were identified by mass spectrometry, and the
corresponding proteins are indicated on the gel and in the table to the right (Mol. mass, molecular mass). The subunits of PP2A are indicated by bold type.

preserved in other cell types and whether these proteins also in-
teract upon FGF treatment.

Interaction of the B55a subunit of PP2A with p107 is FGF
sensitive and important for mediating the FGF inhibitory re-
sponse. To investigate the interaction between p107 and different
PP2A regulatory subunits, we ectopically expressed GST-tagged B
subunits in RCS cells treated with FGF or not treated with FGF
(Fig. 2A, left panel) (26). Overexpression of the different regula-
tory subunits did not alter the intracellular concentration of
PP2A-A and C subunits (data not shown) and was not affected by
FGF treatment. To identify a regulatory subunit that is able to
bind p107, we immunoprecipitated p107 from RCS cells and de-
termined whether an association between endogenous p107 and a
regulatory subunit was induced by FGF treatment. Figure 2A
(right panel) shows that the only regulatory subunit detectable in
p107 immunoprecipitates was B55a.. This binding was increased
in FGF-treated RCS cells. Similar results were obtained in 293 cells
(Fig. 2B), supporting our hypothesis that the interaction between
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p107 and B55a is not cell type specific. However, this interaction is
FGF sensitive in RCS cells but not in 293 cells, which have very low
levels of FGF receptors (Fig. 2A and B, right panels). To confirm
our findings, GST-tagged B regulatory subunits were pulled
down, and immunoprecipitates were assayed for the presence of
p107. p107 was detected only in B55a immunoprecipitates (Fig.
2C and data not shown) in RCS and 293 cells. In line with our
previous data, this interaction was stimulated by FGF in RCS cells
(Fig. 2C). As expected, PP2A-A and C subunits were also detected
or recovered in GST immunoprecipitates (Fig. 2C). Consistent
with our previous report (27), the increase in association of PP2A
with p107 induced by FGF was transient, as association was less
detectable at later times of treatment. These results indicate that
PP2A-B55a holoenzymes are likely responsible for mediating
FGF-induced p107 dephosphorylation in chondrocytes.

To further support our findings, we measured the interaction
between endogenous B55a and p107 in RCS cells. p107 was im-
munoprecipitated from untreated or FGF-treated RCS cells, and
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FIG 2 FGF induces an association between B55a and p107. (A and B) GST-tagged B regulatory subunits were transiently overexpressed in FGF-treated
(+) or untreated (—) RCS (A) and 293 (B) cells (left panels). Twenty micrograms of total protein was analyzed by Western blotting (WB) using anti-GST
antibody, and equal amounts of protein loading were confirmed by a-tubulin immunodetection. Lysates were normalized to the amount of total protein
and subjected to immunoprecipitation (IP) with agarose-conjugated anti-p107 antibody (right panels). The presence of B subunits in p107 immuno-
precipitates was assayed by GST antibodies. vec, vector. (C) GST-B55a was transiently overexpressed in FGF-treated or untreated RCS cells, and GST
immunoprecipitates were analyzed by WB with anti-PP2A-A, anti-p107, and GST antibodies. (D and E) p107 interacts with endogenous B55a in RCS cells
(D) and in primary chondrocytes isolated from newborn rats (E [left panel]). p107 immunoprecipitates from FGF-treated or untreated cells were analyzed
with anti-p107 and anti-B55a antibodies. (E, right) FGF treatment caused rapid p107 dephosphorylation and ERK1/2 activation in primary chondrocytes.
Twenty micrograms of total protein was analyzed by WB, and equal amounts of protein loading were confirmed by a-actin immunodetection. pERK1/2,

phosphorylated ERK1/2.

the presence of B55a in immunoprecipitates was analyzed by spe-
cific antibodies. As shown in Fig. 2D, B55a was detected in p107
immunoprecipitates, and FGF treatment transiently increased the
association between p107 and B55a.

While RCS cells represent an extensively used model for pro-
liferating chondrocytes, it is important to demonstrate that p107
also interacts with the B55a subunit in primary chondrocytes. We
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therefore performed p107 immunoprecipitation in FGF-treated
and untreated primary chondrocytes isolated from newborn rats.
We have previously demonstrated that the FGF inhibitory re-
sponse of primary chondrocytes is characterized by rapid p107
dephosphorylation and ERK1/2 activation (Fig. 2E, right panel)
(27). The association between B55a and pl07 was detected in
FGF-treated and untreated primary chondrocytes (Fig. 2E, top
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FIG 3 Knockdown of B55a subunit inhibits FGF-induced p107 dephosphorylation and growth arrest in chondrocytes. RCS cells were transfected with siRNAs
(siRNA B55al and siRNA B55a2) against the B55a subunit or negative-control siRNA. (A) Both siRNAs caused significant reduction in B55a levels. Ten
micrograms of total protein was analyzed by WB using B55« antibody. Equal amounts of protein loading were confirmed by a-actin immunodetection. (B)
FGF-induced p107 dephosphorylation is delayed in RCS cells transfected with siRNA B55a2. Ten micrograms of total protein from FGF-treated or untreated
RCS cells transfected with negative control (neg. control) or B55a2 siRNAs was analyzed by WB. Equal amounts of protein loading were confirmed by a-actin
immunodetection. p-p107, phosphorylated p107; dep-p107, dephosphorylated p107. (C) FACScan analysis of RCS cells transfected with negative-control and
B55a2 siRNAs and treated with FGF for the periods of time (in hours) indicated in the figure. The numbers on the y axis indicate the relative percentages of total
cells in S phase. The data are representative of several independent experiments, and the values are means * standard deviations (SD) (error bars).

gels). Together, our data indicate that PP2A-B55a holoenzyme
interacts with p107 in chondrocytes and is likely responsible for
FGF-induced p107 dephosphorylation.

To confirm this conclusion, we sought to knockdown B55a
expression using RNA interference. We first infected RCS and 293
cells with lentiviral vectors expressing short hairpin RNAs for
B55a to produce stable cell lines. The corresponding regions of
B55a rat and human mRNAs were targeted; however, we were
able to significantly reduce B55a expression only in 293 cells (data
not shown). RCS cells appeared to be extremely sensitive to the
level of B55a expression and were not able to sustain prolonged
selection with antibiotic. To overcome this problem, RCS cells
were transfected with siRNAs against the B55a subunit (Fig. 3A).
Two different siRNAs, siRNA B55a1 and siRNA B55a.2 described
in Materials and Methods, caused substantial reduction (up to
85%) in B55a expression, while negative-control siRNA had no
effect (Fig. 3A). Both siRNAs were used for further experiments.
p107 was dephosphorylated within the first hour of FGF treatment
in cells transfected with negative-control siRNA. In contrast,
knockdown of the B55a subunit by siRNA B55a2 resulted in a
substantial delay (up to 16 h) in p107 dephosphorylation (Fig. 3B,
left panel). Cells with reduced levels of B55a initially responded to
FGF treatment similar to control cells, bur at later times, they were
clearly resistant to FGF-induced growth arrest with about 40% of
the original level of S-phase cells compared to about 5% in the
control cell line (Fig. 3B, right panel). Similar results were ob-
tained with siRNA B55al (not shown). We therefore conclude
that a PP2A holoenzyme containing the B55a subunit is required
for the dephosphorylation of p107 and consequent growth arrest
induced by FGF in chondrocytes.

The B55a subunit of PP2A preferably binds dephosphory-
lated p107. To further understand the mechanism of FGF-induced
p107 dephosphorylation and the role of B55« in this process, we
thought to counteract p107 dephosphorylation by overexpressing
a deletion mutant of p107 that was still able to bind the B55«
subunit. It has been shown in U20S cells that the shortest p107
fragment that can bind the B55a subunit as efficiently as full-
length p107 comprises the spacer region fused to the C-terminal
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domain (p107SC) (Fig. 4A) (22). The spacer region itself (p107S)
had slightly lower affinity to B55a.. We first determined whether
the association between those mutants and B55a is preserved in
RCS cells. RCS lysates were preincubated either with GST-tagged
p107 mutants or GST protein purified from bacteria and then
subjected to GST pulldown assay. As shown in Fig. 4B, both
p107SC and p107S mutants were able to immunoprecipitate en-
dogenous B55a subunit from RCS cells with comparable affini-
ties. We therefore generated RCS cell lines constitutively express-
ing FLAG-tagged p107SC (FLAG-p107SC) mutant (Fig. 4C).
Overexpression of p107SC did not change kinetics of endogenous
p107 dephosphorylation (Fig. 4C) and had no effect on FGF-in-
duced growth arrest (data not shown). We next overexpressed the
shortest p107S HA-tagged mutant in RCS cells (Fig. 4D, inputs).
As we expected, the B55a subunit was detected in HA-tagged
p107S (HA-p107S) immunoprecipitates (Fig. 4D, left panel). To
confirm these data, we immunoprecipitated the B55a subunit and
were able to detect HA-p107S mutant copurified with the B55a
subunit (Fig. 4D, right panel). Overexpression of the p107S mu-
tant resulted in a delay of p107 dephosphorylation of up to 12 h
and in partial resistance of cells to FGF-induced growth inhibition
as determined by the cell cycle analysis (Fig. 4E). The fact that the
majority of the cells kept proliferating for up to 16 h after FGF
treatment when p107S was overexpressed indicates that overex-
pression of this mutant prevented FGF-induced growth arrest
likely due to its ability to sequester the B55a subunit.

The inability of p107SC mutant to prevent dephosphorylation
of endogenous p107 was surprising, since the affinities of both
p107SC and p107S mutants for the B55a subunit were similar
(Fig. 4B), as was the level of expression compared to endogenous
p107. However, we noticed that p107SC protein was detected as
two bands in untreated RCS cells with only one band remaining
after FGF treatment. When treated with N\-phosphatase, the top
band disappeared, indicating that it represented a phosphorylated
form of p107SC (data not shown). Both the C terminus and the
spacer region of p107 contain several phosphorylation sites: 7 in C
terminus and 5 in the spacer (35). We therefore decided to check
how accessible these sites were to phosphorylation using an in
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FIG 4 B55a subunit preferably binds dephosphorylated p107 through its spacer region. (A) The scheme illustrates the regions of p107 mutants purified from
bacteria (B, F, and G) and overexpressed in RCS cells (C to E). Major functional domains are shown. p107wt, wild-type p107. (B) GST-p107SC (spacer fused with
the C terminus) and GST-p107S (spacer) mutants, but not GST, interact with B55a in RCS cell lysates. Fifty picomoles of the proteins indicated was used in the
GST pulldown assay, and the presence of B55a was assayed by immunoblotting. (C) FLAG-tagged p107SC (FLAG-p107SC) expression in RCS cells did not
prevent FGF-induced p107 dephosphorylation. Ten micrograms of total protein from FGF-treated or untreated RCS cells and two different clones overexpress-
ing FLAG-p107SC was analyzed by WB. (D and E) Overexpression of HA-tagged p107S (HA-p107S) delays FGF-induced p107 dephosphorylation and growth
arrest in chondrocytes. Ten micrograms of total protein from FGF-treated or untreated cells overexpressing p107S-HA or an empty vector was analyzed by WB
(E, top panel). Equal amounts of protein loading were confirmed by a-tubulin immunodetection. (D) p107S-HA interacts with endogenous B55c in RCS cells.
Either p107S-HA or B55a subunit was immunoprecipitated with corresponding antibodies, and immunoprecipitated complexes were analyzed using B55a or
HA antibodies as indicated. RCS cells overexpressing empty vector (v) were used as a negative control. As a reference, 5% of the immunoprecipitated whole-cell
extract (input) was loaded. (E) FACScan analysis of RCS cells overexpressing p107-HA and treated with FGF for the indicated periods of time. The numbers on
the y axis of the graph indicate the relative percentages of total cells in S phase. The data are representative of several independent experiments with similar results.
(Fand G) B55a subunit has higher affinity to dephosphorylated p107SC. (G) GST-p107SC and GST-p107S mutants purified from bacteria were labeled in vitro
by cyclin E/CDK2 kinase in the presence of [y-**P]ATP, and 20 pmol of either phosphorylated or nonphosphorylated mutants were used in a GST pulldown assay
with lysates from FGF-treated or untreated RCS cells. The presence of B55a was analyzed by specific antibodies, and an equal amount of the GST-p107SC mutant
was confirmed by immunodetection.

vitro kinase assay. GST-tagged p107 mutants isolated from bacte-
ria were incubated with cyclin E/CDK2 kinase in the presence of
[y->*P]ATP. Both p107 mutants were efficiently phosphorylated
by this p107 kinase (Fig. 4F, bottom panel). The p107SC mutant
exhibited a shift in electrophoretic mobility (Fig. 4G), similar to
the one we detected in p107 in vivo or when the same construct
was overexpressed in RCS cells (Fig. 4C). Still, it was not clear why
this mutant was not efficient in sequestering the B55a subunit in
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RCS cells. Therefore, we analyzed the interaction of phosphory-
lated and nonphosphorylated p107 mutants with the B55a sub-
unit. Lysates from FGF-treated or untreated RCS cells were pre-
incubated with equal amounts of either phosphorylated (in vitro)
or nonphosphorylated GST-tagged p107 mutants. The results of
the GST pulldown assay demonstrated that binding of B55c to the
nonphosphorylated form of p107SC was much stronger (particu-
lar at later time points of FGF treatment) compared to the phos-
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phorylated form (Fig. 4G). Interaction of B55a with both forms of
p107SC was not increased upon FGF treatment probably due to
competitive FGF-stimulated binding of endogenous p107 with
B55a. This explains why the expression of p107S but not p107SC
inhibited FGF-induced dephosphorylation of endogenous p107.
Phosphorylation of the spacer mutant did not affect binding of
B55a (Fig. 4G), and this protein was able to sequester PP2A com-
plexes. Phosphorylated p107SC mutant was not able to compete
with endogenous p107 for B55a binding and did not form enough
p107SC/PP2A complexes prior to FGF treatment. The increased
affinity of the B55a subunit to dephosphorylated p107 might re-
flect a protective mechanism that counteracts the phosphoryla-
tion of dephosphorylated p107 residues. As the binding site of
B55a overlaps with identified binding sites of cyclin A/CDK2 and
cyclin E/CDK2 complexes, which are also located in the spacer
region of p107 (36), association with B55a could prevent interac-
tion with p107 kinases, whose activity is downregulated by FGF at
much later times (5).

Interaction of B55a with p107 is mediated by multiple inter-
action surfaces. Function and regulation of PP2A are in part de-
termined by the specific regulatory B-type subunit that is present
within the complex (37, 38). PP2A holoenzymes containing the
B55a regulatory subunit have been implicated in the mitotic tran-
sition (14-16); several other substrates, including AKT (17), Tau
protein (18), and p107 (22), were identified. An important ques-
tion that has to be answered is how B55a recognizes these different
substrates which show neither sequence homology nor similar
pattern of dephosphorylation. Tau protein and p107, for example,
are dephosphorylated at multiple sites, while in AKT and other
proteins, only one residue is dephosphorylated by PP2A. To un-
derstand in more detail the interaction between p107 and B55«,
we mutated several residues in this protein.

The B55a subunit is part of a family of WD40 repeat proteins,
whose structure/stability depends on the presence of all WD40
repeats, thus making it complicated to localize binding sites for
their partners (39). The crystal structure of the B55a subunit has
been solved at 2.85-A resolution in the context of PP2A holoen-
zyme (40). The B55a subunit comprises a seven-bladed 3 propel-
ler, with the substrate-binding groove located in the center of the
propeller. It was also shown that Glu27 and Asp197 that are lo-
cated on the central groove are likely to be crucial for Tau dephos-
phorylation (40). p107 binding to the B55a subunit has been par-
tially characterized in U20S cells (22) with different conclusions
about the role of Glu27 and other residues forming the substrate-
binding surface. While the B55ac Glu27Arg mutant was unable to
dephosphorylate phospho-Tau substrate, it formed complexes
with purified A and C subunits (40). When overexpressed in
U20S cells, this particular mutant retained high affinity to p107.

To determine the structural requirements of p107/B55a com-
plexes in RCS cells, we generated a series of point mutations tar-
geting putative substrate-binding surfaces and other elements
which are accessible for binding and not involved in contacts with
catalytic and scaffolding subunits or in forming WD repeats (Fig.
5A). We chose to delete Asp24-1le30 amino acids which would
eliminate Glu27 and the Lys393-Phe414 region, which is mostly
unstructured with 2 very short 3-sheets that are not involved in
propeller formation. This region forms a loop which is oriented
away from the center of the propeller and might be accessible for
interaction with other proteins. For the same reason, helix al
(Ser332-Cys341) was deleted. It is oriented perpendicular to the
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center of the propeller away from the blades. We also reproduce
the Glu93-Lys95-to-Ala substitution and mutated Asn115-Lys117
that are close to the putative binding site to Ala as well. The later
substitution would directly interfere with the putative substrate-
binding surface. The proposed mutations are unlikely to change
the secondary structure of B55a considerably, as they are not in-
volved in the formation of major structural elements, such as for
example any blade of the propeller.

As shown in Fig. 5B (left panel), none of the mutations affect
the expression levels of either B55a or PP2A-A and C subunits
(data not shown) in RCS cells. GST pulldown assay demonstrated
that all the mutants were able to bind scaffolding subunit at the
level comparable to that with wild-type (wt) B55a (Fig. 5B); how-
ever, the binding to PP2A-C subunit was impaired in AK393-
F414B55a and Ahelixal B55a mutants. We next investigated the
affinities of the mutants to p107. In p107 immunoprecipitates, wt
B55a and AD24-130B55a mutant were detected at similar levels
(Fig. 5B, right panel), while AK393-F414B55a and Ahelixal mu-
tants were barely detected. Mutants with affected substrate-bind-
ing groove (E93-K95—A and N115-K117—A) were still able to
bind p107 though at a level lower than that of the wt protein. This
difference is more noticeable when the amount of bound B55a
mutants is compared to the levels of immunoprecipitated endog-
enous B55a (bottom bands on the B55a Western blot [WB]).
Similar results were obtained when the mutants were overex-
pressed in 293 cells (not shown).

In summary, while p107 is likely to occupy the putative sub-
strate-binding groove on the center surface of B55a, it makes dif-
ferent contacts than the Tau protein does, particularly in the re-
gion surrounding the Glu27 residue. It is interesting that the
mutations in the AK393-F414B55a and Ahelixa1B55a mutants
affected not only binding to p107 but also holoenzyme complex
formation. The presence of p107 (or any other substrate) in PP2A
complexes might stabilize interaction between the AC dimer and
B subunit, and this stabilization likely involves AK393-F414 and
Ahelixal regions. In our attempt to use helix al (or any other)
mutant as a dominant-negative mutant and sequester the PP2A-A
subunit from RCS cells, we were not able to overexpress the mu-
tants at high enough level to compete with endogenous B55a.

B55a is dephosphorylated by FGF to target p107. From the
kinetics of p107 dephosphorylation in FGF-treated chondrocytes,
we would expect that FGF signaling would target the PP2A ho-
loenzyme to increase either its affinity to p107 or the activity of the
phosphatase in the already formed complexes. We were not able to
detect any changes in known posttranslational modifications of
the catalytic subunit, including methylation or phosphorylation
upon FGF treatment. It has been demonstrated that phosphory-
lation of B55a at S167 is increased during mitosis and negatively
affects PP2A holoenzyme formation (15). We were not able to
detect such a phosphorylation event in B55a subunits in either
treated or untreated cells by mass spectrometry; therefore, we de-
cided to determine whether the B55a subunit undergoes other
changes in its phosphorylation status upon FGF treatment using
phospho-specific antibodies. We isolated PP2A complexes from
FGF-treated or untreated cells overexpressing PR65-StreplII sub-
unit (Fig. 1A). No changes were detected when specific antibodies
against phospho-Tyr or phospho-Thr were used (data not
shown). However, phospho-pan and phospho-Ser antibodies rec-
ognized a band of the same size in untreated cells (Fig. 6A, central
and right panels). The intensity of this band decreased with FGF
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treatment. This band coincided with the band recognized by
B55a-specific antibodies, and when analyzed by mass spectrom-
etry, it was primarily assigned to B55a.. To confirm that FGF in-
duces dephosphorylation of B55a, we immunoprecipitated the
B55a subunit from denatured lysates, so that anti-B55a antibod-
ies immunoprecipitate only B55a without any associated proteins
that could influence its phosphorylation status. As shown in Fig.
6B, the signal corresponding to **P-labeled B55a immunoprecipi-
tated from metabolically labeled RCS cells declines significantly
with FGF treatment. In line with these data, FGF-induced de-
crease in B55a phosphorylation was clearly detected when using
anti-phospho-pan antibodies (Fig. 6C). To support our findings,
we assayed the phosphorylation status of the B55a subunitin p107
immunoprecipitates. The amount of B55a associated with p107
was increased with FGF treatment, but no phosphorylated B55a
was detected as assayed by phospho-pan (Fig. 6D) or phospho-Ser
antibodies (data not shown). This result suggests that FGF-in-
duced dephosphorylation of B55a might increase the affinity of
PP2A to p107 and/or directly affect PP2A activity. Therefore, we
analyzed the effects of phospho-mimicking (Ser—Glu) or non-
phosphorylated (Ser—Ala) mutations of serine residues on the
ability of B55a to support PP2A holoenzyme formation and to
bind p107.

Ser residues that had a score of at least 0.8 according to Net-
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Phos 2.0 prediction results (41) and were conserved between
known mammalian sequences were selected to be mutated.

The mutants (Fig. 7A and PP2A-B55a Ser mutation table) were
transiently overexpressed in RCS cells, and their ability to associ-
ate with the PP2A-A subunit and p107 was examined. None of the
mutations affect the level of overexpressed B55a subunits (Fig. 7B
and C). According to the ability to form complexes with the scaf-
folding subunit, the mutants have been divided in three groups:
no effect (5400 [Fig. 7B]), effect independent on phosphorylation
status (Ser187, Ser194, and Ser246 [Fig. 7C]) and effect dependent
of phosphorylation status (Ser125, Ser266, and Ser294 [Fig. 7B
and Cand table]). While the mutated residues in the second group
are likely to affect protein conformation or function, the results
with the third group strongly suggest that phosphorylation of spe-
cific Ser residues interferes with the ability of B55a to form stable
trimeric complexes and to interact with p107, in agreement with
the results showing that p107 preferentially binds to dephos-
phorylated B55a. The mutants that formed a complex with the
PP2A-A subunit were also able to bind p107 with the exception of
the S294A mutant, which was able to bind to the scaffolding sub-
unit, but no pl07 was detected in its immunoprecipitates (Fig.
7C). In general, the ability of the mutants to bind to p107 mim-
icked the ability of the mutants to form PP2A holoenzymes, im-
plying thatin chondrocytes, the B55a regulatory subunit mediates
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(C, right panel). (D) The B55a subunit bound to p107 is not phosphorylated.

The GST-B55a subunit was overexpressed in RCS cells, and following FGF

treatment, lysates were immunoprecipitated using agarose-conjugated p107 antibody. As a reference, 5% of the immunoprecipitated whole-cell extract (input)

was loaded. The presence of indicated proteins was assayed by anti-p107 and anti-

B55a antibodies (left and central panels). There was no detectable signal when

phospho-pan antibody was used (right panel). The stained bands correspond to protein markers (72 and 95 kDa) that are routinely recognized by phospho-pan

antibodies.

substrate recognition in the context of trimeric PP2A complexes.
FGF-induced dephosphorylation of B55a could target any of the
these Ser residues, and the mechanism of this dephosphorylation
remains to be elucidated. This can involve either another Ser/Thr
phosphatase (for example, PP1) or be mediated by PP2A itself,
whose autodephosphorylation ability has been reported previ-
ously (42).

FGF sensitivity of B55a/p107 interaction is RCS specific. The
inhibition of chondrocyte proliferation induced by FGF is a cell
type-specific response that contrasts with the proliferative FGF
response in most other cells. We have shown that p107 dephos-
phorylation is a key event in mediating FGF-induced growth
arrest in chondrocytes (27). Taking into account the fact that
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p107/B55w interaction was detected in other cell lines (22), we
wished to understand whether the increased affinity of p107
and B55a upon FGF treatment is cell type specific and unique
to cells where FGF induces cell cycle arrest. Two cell lines were
chosen for this experiment, both exhibiting proliferative re-
sponse to FGF: OB1 osteoblastic cell line (43) and C;H;,T1/2
multipotential mesenchymal cells that can be differentiated
into the chondrogenic lineage (44). As shown in Fig. 8 (left
panel), while FGF caused ERK activation in all three cell lines,
p107 was rapidly dephosphorylated only in RCS cells. More-
over, when B55a immunoprecipitates were analyzed for the
presence of p107, only RCS cells exhibited a strong increase in
binding of B55a to p107 upon FGF treatment (Fig. 8, right
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arrows) are shown. The region that makes contacts with the scaffolding subunit is indicated. Mutated Ser residues are shown above the schematic. (B and C)
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the FGF inhibitory response of these cells. cell cycle and under different stress conditions (35). Understand-
ing this mechanism will provide significant insight into general
regulation of Rb proteins and also facilitate understanding the
p107 dephosphorylation is an early and key event in mediating the ~ unique chondrocyte-specific FGF inhibitory response. We previ-
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DISCUSSION

Phospho- e =3 WB  inputs IP B55a
ERK12 = e=e= = - A A
~
TERKTZ —Smmnntteds .
O @ T RCS 0B1 C,H,T12
a-tubulin ~ ewesesenases cses o € o0

‘196G
p-p107 p107 —S=e=es’ &
de-p107 = USRI e s SRERED
1 BOOG - e w0 et
00 0 09 09 090
0 30 90 0 30 9 0 30 9% min of FGF1
min of FGF1

FIG 8 The induction of B55a/p107 interaction by FGF is cell type specific. FGF causes ERK1/2 activation in the cell lines with both a proliferative response (OB1
and C5H,,T1/2 cells) and an inhibitory response (RCS cells). Twenty micrograms of total protein from the indicated cell lines treated with FGF or not treated with
FGF was analyzed by SDS-PAGE, followed by immunoblotting with anti-phospho-ERK1/2, anti-ERK1/2, p107, and B55« antibodies. (Left) Equal amounts of
protein loading were confirmed by a-tubulin immunodetection. Lysates from FGF-treated or untreated cells were normalized by the amount of total protein and
immunoprecipitated with anti-B55« antibodies. As a reference, 5% of the immunoprecipitated whole-cell extract (input) was loaded. The presence of p107 in
B55a IP was assayed by immunodetection.

BS5a ~ e en e an b8 ow oo an oe

August 2013  Volume 33 Number 15 mcb.asm.org 2875


http://mcb.asm.org

Kolupaeva et al.

PP2A to p107 in chondrocytes was not identified. In this work, we
demonstrate that the B55a regulatory subunit of PP2A specifically
interacts with p107 in an FGF-dependent manner and that this
interaction is important for FGF-mediated inhibition of chondro-
cyte proliferation. Immunoprecipitation of either protein de-
tected the other protein in the same complex. Downregulation of
B55a by siRNA resulted in delayed FGF-induced p107 dephos-
phorylation and resistance to FGF-induced growth arrest, sup-
porting the hypothesis that the PP2A-B55a holoenzyme mediates
this process.

While the B55a/p107 interaction is preserved in many other
cell lines (U20S [22], RCS, OB1, 293, C;H,,T1/2, and primary
chondrocytes [this study]), it is stimulated by FGF only in chon-
drocytes, underlining the importance of p107 dephosphorylation
for FGF-induced growth arrest. The ability of the B55« regulatory
subunit to bind p107 in many different systems suggests that the
same PP2A-B55a holoenzyme mediates p107 dephosphorylation
during the cell cycle and when rapid dephosphorylation is dictated
by external stress or growth inhibitory signals. It would be inter-
esting to see whether the interaction between B55a and p107 is
altered as cells progress through the cell cycle and how important
this interaction is for progression through the different phases of
the cell cycle. It has also been demonstrated that the B55a subunit
is a key player in mitotic spindle breakdown and postmitotic re-
assembly of the nuclear envelope and Golgi apparatus (15). Thus,
the activity of the PP2A-B55a holoenzyme could be regulated to
dephosphorylate diverse targets during the cell cycle and under
growth inhibitory conditions. Additional PP2A holoenzymes
might also be regulated during the cell cycle in a similar or differ-
ent manner because other important cell cycle players such as, for
example, p27 are also regulated by PP2A (45).

In agreement with previously published data (22), we found
that the spacer region of p107 was alone sufficient to bind B55c.
As expected, overexpression of this domain was able to counteract
FGF-induced p107 dephosphorylation and growth arrest in RCS
cells, supporting the notion that trapping of B55a was sufficient to
inhibit targeting of PP2A to p107.

We reported previously that not only p107 but also the p130 Rb
protein is an essential mediator of FGF-induced growth arrest in
chondrocytes (2). However, in contrast to the data obtained with
U20S cells (22), we were not able to detect any interaction be-
tween B55a and p130 in FGF-treated or untreated RCS cells. The
reason for the discrepancy in p130/B55« interaction might be due
to the diverse context of p130/PP2A interaction in U20S cells, as
p130 appears to be less selective than p107 and can interact with
other members of the regulatory subunit families, such as PR70.
Furthermore, p130 is dephosphorylated at much later times after
FGF treatment than p107, and thus, it is likely that inactivation of
CDKs would be as important for p130 dephosphorylation as the
activation of a specific phosphatase. The PR48 subunit (truncated
version of PR70) was also reported to bind p107 (22); however, we
were not able to detect this subunit in RCS cells by using the
appropriate antibodies or in PP2A complexes by mass spectrom-
etry.

An intriguing observation is the difference in the affinity of
B55a to phosphorylated and nonphosphorylated p107SC mutant,
whose phosphorylation either in vitro or in vivo (Fig. 4) mimics
phosphorylation of the endogenous p107. While the higher affin-
ity of B55a to nonphosphorylated protein seems to be counterin-
tuitive, p107 is not the only PP2A-B55a substrate which behaves
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in this manner. It has been shown that a synthetic peptide corre-
sponding to the region of Tau protein that binds to B55c was able
to compete with full-length Tau protein for B55a, while its phos-
phorylated analogue was not (46). This particular region is also
recognized by the Fyn kinase, which has been implicated in Tau
phosphorylation (46). Another example of a phosphatase/kinase
overlapping binding site is the C terminus of Rb, which contains
the PP1 docking site and the binding site for CDKs (47). In our
case, increased binding of B55a to dephosphorylated p107 might
protect it from phosphorylation by the CDKs, such as the cyclin
D/CDK4, cyclin E/CDK2, or cyclin A/CDK2 complexes, as all
these complexes bind to p107 through the spacer region, which
contains the cyclin-binding RXL motif (48). Such protection may
be important to sustain FGF-induced p107 dephosphorylation,
since CDK activity is inhibited at later times of FGF treatment (2).
The ability of the PP2A phosphatase and CDKs to compete for the
same p107 region suggests a dynamic equilibrium between these
counteracting enzymes during the cell cycle (49). Indeed, our re-
sults and those of Jayadeva (22) suggest that the B55a-containing
PP2A holoenzyme would also be responsible for the dephosphor-
ylation of p107 in the cell cycle.

B55a is one of the most abundant regulatory subunits of PP2A
and has been implicated in many diverse functions of the phos-
phatase. Many different substrates have been reported for PP2A-
B55a holoenzymes, including cyclin B1/CDK1 substrates (15),
Tau protein (40), B-catenin (21), FoxM1 transcription factor
(50), as well as p107 (22). It is still not clear how B55a targets all
these different substrates, as these proteins have nothing in com-
mon. According to our data, B55a can discriminate between dif-
ferent substrates utilizing distinct contacts in the context of an
acidic, substrate-binding groove. For example, the residues im-
portant for Tau protein dephosphorylation (Glu93-Lys95 and
Glu27) are dispensable for binding p107, as the corresponding
mutations had no effect on p107/B55a complex formation (40).
On the other hand, two structural elements of B55« (helix a1 and
B2 hairpin), which are not involved in the formation of WD re-
peats, affected both association with p107 and (for B2 hairpin
mutant) binding to A/C dimer. These regions probably contribute
to the formation of the substrate-binding groove. It would be
interesting to see whether these mutations affect binding of other
substrates as well.

p107/B55ac complexes accumulate upon FGF treatment in
chondrocytes, and while a higher affinity of B55a to dephos-
phorylated p107 could be partially responsible for this accumula-
tion, an event initiated by FGF signaling would seem necessary to
“activate” PP2A and to induce p107 dephosphorylation. Our data
suggest that this activation consists of dephosphorylation of the
B55a subunit. We showed by immunoprecipitating B55a from
*2P-labeled cells that the protein is dephosphorylated with kinetics
similar to the kinetics of FGF-induced p107 dephosphorylation,
and we obtained similar results using phospho-pan antibodies.
We also demonstrated by using either phospho-mimicking or
nonphosphorylated substitutions that when phosphorylated at
any of the serine residues at position 125, 266, or 294, B55a was
unable to form stable complexes with A subunit. Interestingly, the
S266E B55a mutant still exhibited a modest ability to bind the
scaffolding subunit, indicating that FGF-induced dephosphoryla-
tion of the B55a subunit might be differential. Clearly, all three
residues have to be dephosphorylated to provide maximum sta-
bility/activity to the PP2A-B55a holoenzyme and to fulfill PP2A
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functions in mediating FGF-induced growth arrest. We were not
able to detect any phosphorylation of S167, which has been shown
to affect PP2A-B55a function during mitotic transition (15), sug-
gesting that this subunit may be regulated differently for different
substrates. At present, the phosphatase that is responsible for
B55a dephosphorylation (as well as the kinase responsible for its
phosphorylation) is not known; however, it is unlikely that this
phosphatase is PP2A itself, as we did not detect any FGF-induced
posttranslational modifications of either scaffolding or catalytic
subunits. FGF is known to activate Shp2, which is however a ty-
rosine phosphatase and thus unlikely to dephosphorylate B55c.
Rather, another Ser/Thr phosphatase (for example, PP1) might be
responsible for this activation. In conclusion, our results identify
the PP2A-B55a holoenzyme as a crucial mediator of the chondro-
cyte FGF growth inhibitory response. FGF signaling activates the
phosphatase through dephosphorylation of its regulatory subunit
to mediate p107 activation. We are currently investigating the
mechanism of this novel aspect of FGF signaling to understand
PP2A regulation as well as cell type-specific mechanisms that dis-
tinguish the FGF response of chondrocytes from those of other
cell types.
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