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ABSTRACT 

 
PPP2R2B (Bβ) is an important regulator of protein phosphatase 2A (PP2A) activity in the brain. 

Through differential promoter usage and alternative splicing, two major isoforms Bβ1 and Bβ2 with 
divergent sub-cellular targeting N termini are produced. Bβ plays an important role in neuronal survival. 
Altered Bβ1/Bβ2 expression would be reflected by abnormal PP2A activity to predispose to 
neurodegenerative diseases. In this study we established inducible Bβ1/Bβ2 cell lines to investigate the 
role of Bβ-modulating PP2A in neuronal degeneration. The induced Myc-tagged Bβ1/Bβ2 proteins were 
mainly localized in cytoplasm and mitochondria, respectively. Cell cycle analysis of Bβ cell lines 
revealed a significant increase in the cell population at subG1 and G2/M phases in Bβ2-expressing cells, 
accompanying with significant reduced cell proliferation and increased inhibitory phosphorylation of cell 
division cycle 2. Taken together, these results suggest that inhibition of Bβ2 expression may be an 
attractive avenue for developing potential therapeutic strategies to treat neurodegenerative disorders 
related to increased PP2A/Bβ2 activity. 
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Introduction 

 
Protein phosphorylation and 

dephosphorylation are crucial post-translational 
modification which has drastic effects on various 
cellular processes. Protein phosphatase 2A (PP2A) 
is a major serine/threonine phosphatase expressed 
in all eukaryotic cells. PP2A exists as a family of 
holoenzymes in which the catalytic subunit PP2Ac 
binds a structural subunit PR65/A, forming a core 
dimer that in turn binds a diverse array of 
regulatory B subunits (Janssens and Goris, 2001). 
The PR65/A and PP2Ac subunits are expressed 
ubiquitously in all mammalian cells, whereas the 
regulatory B subunits confer tissue and cell 
specificity, subcellular localization, and 
developmental regulation to the PP2A holoenzyme 
(Strack et al., 1998; Virshup, 2000). In addition to 
multiple isoforms in each family, additional splice 
variants allow for a wide variety of possible PP2A 
holoenzymes.  

PPP2R2B (also known as Bβ), a brain-specific 
regulatory B subunit of PP2A, is expressed 
throughout the brain (Mayer et al., 1991). Through 

differential promoter usage, multiple upstream 
exons and alternative splicing, different N-termini 
of Bβ isoforms potentially affecting the subcellular 
localization of PP2A enzyme were produced. 
Among them, the most abundant cytosolic Bβ1 
isoform contains 443 amino acids, whereas the less 
abundant mitochondrial Bβ2 isoform contains 446 
amino acids (Dagda et al., 2003). Bβ2 is localized 
to the outer mitochondrial membrane using a 
cryptic mitochondrial import signal with a 
structural arrest domain (Dagda et al., 2005). 
Inducible or transient expression of Bβ2 accelerates 
apoptosis in response to growth factor deprivation 
(Dagda et al., 2003). In PC12 cells and 
hippocampal neurons, cell stressors induced a rapid 
translocation of PP2A/Bβ2 to mitochondria to 
promote apoptosis. Conversely, silencing of 
PP2A/Bβ2 protected hippocampal neurons against 
free radical-mediated, excitotoxic and ischemic 
insults (Dagda et al., 2008).  

PP2A dephosphorylates a number of 
cyclin-dependent protein kinase substrates 
(Ferrigno et al., 1993) and B/PR55α-dependent 
targeting of the PP2A regulates cell proliferation 



Chih-Hsin Lin, Guey-Jen Lee-Chen 

 76

and survival (Kuo et al., 2008). Based on these, we 
established Bβ stably induced cell lines to 
investigate PPP2R2B Bβ1/Bβ2 isoform expression 
and cell proliferation regulation. 
 
Materials and Methods 
 
Bβ cDNA constructs 

The Bβ1 cDNA plasmid (Mayer et al., 1991) 
was a generous gift from Dr. Brian A. Hemmings, 
Friedrich Miescher-Institute, Switzerland. The Bβ2 
cDNA plasmid (Dagda et al., 2003) was obtained 
from Dr. Stefan Strack, University of Iowa, USA. 
Both Myc-tagged Bβ cDNA and Myc tag were 
cloned into pcDNA5/FRT/TO vector (Invitrogen) 
for establishing stably induced Bβ1/Bβ2 cell lines. 

 
Cell culture and Bβ cell lines 

HEK-293-derived Flp-InTM-293 (Invitrogen) 
cells were cultivated in Dulbecco’s modified 
Eagle’s medium containing 10% fetal bovine serum 
in a 37°C humidified incubator with a 5% CO2 
atmosphere. The cloned Bβ-Myc and Myc plasmids 
were used to generate the Bβ and vector only cell 
lines by targeting insertion into Flp-InTM-293 cells, 
according to the supplier’s instruction (Fig. 1). 
These cell lines were grown in medium containing 
5 µg/ml blasticidin and 100 µg/ml hygromycin. 
Doxycycline (1 µg/ml) was added to induce Bβ 
expression.  

 
Real-time PCR quantification of mRNA 

Total RNA was extracted from Bβ and vector 
only cells using the Trizol (Invitrogen). The RNA 
was DNase (Stratagene) treated, quantified, and 
reverse-transcribed to cDNA using High Capacity 
cDNA Reverse Transcription Kit (Applied 
Biosystems) with random primers. Using ABI 
PRISM® 7000 Sequence Detection System 
(Applied Biosystems), real-time quantitative PCR 
was performed on a cDNA amount equivalent to 
200 ng total RNA with TaqMan fluorogenic probes 
Hs00270227_m1 for Bβ and 4326321E for HPRT1 
(endogenous control) (Applied Biosystems). Fold 
change was calculated using the formula 2ΔCt, ΔCT 
= CT (control) – CT (target), in which CT indicates 
cycle threshold. 
 
Western blot analysis 

Bβ and vector only cells were lysed in RIPA 
buffer (10 mM Tris pH 7.5, 150 mM NaCl, 5 mM 

EDTA pH 8.0, 0.1% SDS, 1% deoxycholate, 1% 
NP-40) containing the protease inhibitor mixture 
(Sigma). After sonication and sitting on ice for 30 
minutes, protein lysates were centrifuged at 13000 
g for 30 minutes at 4°C. Protein concentrations 
were determined with the Bio-Rad protein assay kit, 
using albumin as standards. Laemmli sample buffer 
was then added to 20 µg of protein and heated in a 
boiling water bath for 5 minutes. Equal amounts of 
protein from each sample were fractionated in a 
10% SDS-polyacrylamide gel electrophoresis 
(PAGE). The fractionated protein samples were 
transferred onto a nitrocellulose membrane 
(Schleicher and Schuell), and non-specific binding 
was blocked in 5% non-fat dry milk for overnight at 
4°C. After washing with Tris-buffered saline (TBS) 
containing 0.1% Tween 20, the blots were probed 
with c-Myc, PR55 (1:1000 dilution, Santa Cruz), 
phosphor-cdc2 (Tyr15) (1:1500 dilution, Cell 
Signaling), Cdc2 (1:1500 dilution, Upstate), or 
β-actin (1:5000 dilution, Chemicon) antibody in 
TBS/1% bovine serum albumin/0.1% Tween 20 for 
2 hours at room temperature with gentle shaking. 
After extensive washing, the blots were probed with 
a 1:10000 dilution of goat anti-mouse, goat 
anti-rabbit or donkey anti-goat IgG conjugated to 
horseradish peroxidase (Jackson ImmunoResearch). 
The blots were washed extensively and the protein 
detected using ImmobilonTM western 
chemiluminescent HRP substrate (Millipore). 
 
Immunocytochemical staining 

Bβ and vector only cells on coverslips were 
washed with PBS and fixed in 4% 
paraformaldehyde in PBS for 10 minutes, followed 
by 20 minutes incubation with 0.1% Triton X-100 
in PBS to permeabilize cells, overnight incubation 
with 0.5% bovine serum albumin in PBS to block 
non-specific binding. The primary anti-c-Myc 
antibody, diluted 1:500 in 1% BSA in TBS, was 
used to stain cells at 4°C overnight. After washing, 
cells were incubated for 2 hours at room 
temperature in TRITC-conjugated secondary 
antibody diluted to 1:500 in TBS containing 1% 
BSA, and washed in PBS. For visualizing 
intracellular Bβ proteins, cells were incubated with 
10 nM MitoTracker Green FM (Molecular Probes) 
for 10 minutes at room temperature. Nuclei were 
detected using 4’-6-diamidino-2-phenylindole 
(DAPI). The stained cells were examined after 
mounted in Vectashield  (Vector Laboratories Inc.)  
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Figure 1. Diagram of the Flp-InTM T-RExTM system. (A) Flp-In T-REx host cell line. (B) The pcDNA5/FRT/TO 
expressing vector containing Bβ1/Bβ2-Myc cDNA is cotransfected with pOG44 into the host cell line. The FRT locus 
ensures a single defined site of chromosomal integration via homologous recombination mediated by the Flp 
recombinase. (C) Expression of the Bβ1/Bβ2-Myc is controlled in a Tet-on-inducible fashion by the addition of 
doxycycline. 
 
using a Leica TCS confocal laser scanning 
microscope. 
 
Cell cycle analysis   

Cells were grown for two days either with or 
without doxycycline. Forty-eight hours later cells 
were harvested and fixed in cooled 70% ethanol for 
at least 1 hour. The cells were incubated in a 
solution containing 100 µg/ml RNase, 50 µg/ml 
propidium iodide and 0.05% Tritox X-100 for 30 
minutes. Subsequently, the cells were transferred 
into PBS. For each cell population, 104 cells were 
analyzed in a Becton Dickinson FACScan flow 
cytometer, and the proportions in subG1, G1/G0, S, 
and G2/M phases were estimated using the Modfit 
cell cycle analysis program. FACS measurements 
were performed on at least three independent 
synchronization experiments. 

MTT cell proliferation assay 
The MTT assay for measuring the activity of 

enzymes that reduce 3-(4,5-dimethylthiazol-2-yl) 
-2,5-diphenyl-tetrazolium bromide (MTT) (Sigma) 
to formazan was used to evaluate cell proliferation. 
The cultured cell suspension was seeded into a 
96-well plate. After doxycycline induction for two 
days, MTT (0.5 mg/ml) was added to cells and 
incubated for 2 hours. After adding DMSO to 
dissolve the insoluble product, the absorbance of 
the purple colored formazan dye was measured at 
570 nm by Microplate Autoreader EL311 (Bio-Tek 
Instruments Inc.). Reactions were performed in 
triplicate.  
 
Caspase 3 activity detection  

Caspase 3 activity was measured with the 
Caspase 3 Fluorimetric Assay kit (Sigma) according 
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to the manufacturer’s instruction. Briefly, cells (3–5 
× 106) were incubated with 50 µl lysis buffer in an 
ice bath for 20 min, followed with freeze-thawing 
and centrifugating at 14000 × g for 10 min at 4°C. 
Then, proteins in supernatants were quantified and 
activities of caspase 3 in cell lysates were measured 
using acetyl Asp-Glu-Val-Asp-7-amido-4- 
methylcoumarin (Ac-DEVD-AMC) as substrate 
after incubation at room temperature for 2 h. The 
release of the fluorescent AMC was recorded in a 
microplate fluorescence reader (FLx800, Bio-Tek) 
at excitation 360/40 nm and emission 460/40 nm 
filter combination. 

 
Results 

 
The pcDNA5/FRT/TO vector and Bβ1/Bβ2 

constructs were used to generate Bβ cell lines. The 
derived Bβ cell lines are isogenic except for Bβ1 or 
Bβ2. The morphological phenotypes of vector only 
and Bβ cells are similar in the presence (+ Dox) or 
absence (- Dox) of doxycycline (Fig. 2A). Bβ RNA 
levels were measured by real-time PCR 
quantification using Bβ-specific probe and primers. 
Compared with endogenous HPRT1, the 
endogenous Bβ RNA in vector only cell line was 
too low to be efficiently detected. In Bβ cell lines, 
the Bβ expression driven by CMV/2X TetO2 
promoter ranges from 1.05 to 1.42 in non-induced 
cells and 10.98 ~ 14.43 in cells induced with 
doxycycline (1 µg/ml) for 2 to 4 days (Fig. 2B). 
That is addition of doxycycline for 2 to 4 days 
resulted in 9 ~ 11 times induction of Bβ RNA level, 
indicating that the expression of integrated Bβ in 
these isogenic Bβ lines was doxycycline-dependent 
regulated.  

Expression of Myc-tagged Bβ protein was 
examined by Western blotting using PR55 and 
c-Myc antibodies. The Bβ1/Bβ2-Myc cDNA 
encodes a fusion protein with 443/446 amino-acid 
Bβ plus 101 amino-acid 5× Myc-tag. The predicted 
molecular weights of Bβ1-Myc and Bβ2-Myc are 
63674 and of 63980, respectively. In addition to the 
55 kDa endogenous PR55 family proteins, the 
PR55 antibody detected Myc-tagged 67 kDa protein 
in doxycycline induced Bβ1/Bβ2 cells. The c-Myc 
antibody also detected 67 kDa Bβ1/Bβ2-Myc 
proteins in doxycycline induced Bβ1/Bβ2 cells (Fig. 
2C). The subcellular localization of Bβ1/Bβ2-Myc 
was examined after immunocytochemical staining 
using c-Myc antibody and MitoTracker Green 

staining. Fluorescence microscopy examination 
revealed that while both Bβ1/Bβ2 was distributed 
diffusely in induced cells, mitochondria localization 
of Bβ2 was notable by co-staining with 
mitochondrial marker MitoTracker Green (Fig. 2D).  

As neurodegeneration may involve the 
dysregulation of cell cycle machinery (Lim and Qi, 
2003), cell cycle analysis of Bβ cell lines was 
performed. The cell cycle distribution and 
representative flow cytometry images of cellular 
DNA content are shown in Fig. 3A and 3B. In 
vector only, Bβ1 and Bβ cells, the percentages of 
cell population at subG1 and G2/M phases were 5.5 
~ 6.4% and 8.6 ~ 10.9%, respectively. After 
induction with doxycycline for 2 days, the 
percentages of cell population at subG1 and G2/M 
phases were 6.7 ~ 9.0% and 8.5 ~ 15.0%, 
respectively. A significant increase in the cell 
population at subG1 (from 6.4% to 9.0%, P = 0.034) 
and G2/M (from 10.9% to 15.0%, P = 0.047) 
phases for Bβ2 cells was observed after induction 
with doxycycline. Phosphorylated cell division 
cycle 2 (P-Cdc2, deactivated by inhibitory 
phosphorylation at Tyr15) was markedly increased 
in these doxycycline induced Bβ2 cells (Fig. 3C). 
Significant reduced cell proliferation (from 93.6% 
to 68.9%, P = 0.009) (Fig. 3D) and increased 
caspase 3 activity (from 0.387 to 0.404, P = 0.023) 
(Fig. 3E) were also detected in cells expressing 
Bβ2-Myc.  
 
Discussion 

 
PP2A have been implicated in the regulation 

of many cellular processes involving protein 
phosphorylation, including cell growth and 
differentiation, regulation of kinase cascades, and 
apoptosis (Virshup, 2000; Janssens and Goris, 
2001). The brain specific Bβ regulates PP2A 
dephosphorylation activity for vimentin (Turowski 
et al., 1999), histone-1 (Ferrigno et al., 1993), 
microtubule-associated protein tau (Sontag et al., 
1996), and presumably many other still unidentified 
substrates. The association of pathological 
hyperphosphorylated tau and reduced PP2A activity 
with Alzheimer’s disease (AD) has been established 
(Goedert et al., 1992; Gong et al., 1993). Our 
case-control study and reporter assay also revealed 
that the rare low transcriptional activity alleles of 
PPP2R2B are associated with AD (Chen et al., 
2009a). Contrarily, increased expression of the Bβ1 
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Figure 2. Isogenic Bβ cell lines. (A) Cell morphology of 
Bβ cell lines. Representative microscopic images of 
vector only, Bβ1 and Bβ2 cells cultured in the absence or 
presence of doxycycline (1 µg/ml) for 48 h. (B) 
Real-time PCR quantification of Bβ1/Bβ2 mRNA level 
relative to endogenous HPRT1 RNA after 2 (gray box) or 
4 (black box) days induction. For fold of induction, the 
relative Bβ mRNA in non-induced cells was set as 1.0. 
The results are shown with mean and SD (error bar) for 
triplicate determinations. (C) Western blot analysis using 
PR55, c-Myc and β-actin antibodies. The PR55 antibody 
recognizes α, β, γ and δ isoforms of the B/PR55 family. 
(D) Fluorescent microscope examination of 
Bβ1/Bβ2-Myc proteins. Note the Bβ2-Myc co-stains 
with mitochondrial marker MitoTracker Green. 

isoform due to CAG repeat expansion (55~78 
triplets) at the 5’ end of the PPP2R2B gene causes 
autosomal dominant spinocerebellar ataxia type 12 
(Holmes et al., 1999). Thus quantitative or 
qualitative change in Bβ expression would be 
reflected by altered PP2A activity to impinge the 
activity of PP2A substrates and interacting proteins 
to lead to the neuronal degeneration. 

In this study the isogenic human cell lines 
expressing Bβ1/Bβ2 were established to investigate 
the role of Bβ in the regulation of cell proliferation, 
as PP2A dephosphorylates a number of 
cyclin-dependent protein kinase substrates 
(Ferrigno et al., 1993) and neurodegeneration may 
involve the dysregulation of cell cycle (Lim and Qi, 
2003). These cell lines were originated from human 
embryonic kidney 293 cells, which express many 
neuron-specific mRNAs (Shaw et al., 2002). 
Studies on neurodegenerative diseases using this 
cell line has been reported (Anborgh et al., 2005; 
Handa et al., 2005; Chen et al., 2009b; Lee et al., 
2009). The induced Bβ expression in the isogenic 
cell lines was confirmed by real-time PCR and 
Western blotting (Fig. 2B and 2C). As reported 
previously (Dagda et al., 2003), the expressed Bβ1 
and Bβ2 were localized mainly in cytoplasm and 
mitochondria, respectively (Fig. 2D). Cell cycle 
analysis of Bβ cell lines revealed a significant 
increase in the cell population at subG1 and G2/M 
phases (Fig. 3A and B) and the significant reduced 
cell proliferation (Fig. 3D) and increased caspase 3 
activity (Fig. 3E) for Bβ2 cells. When the 
phosphorylation of Cdc2 was examined, markedly 
increased inhibitory phosphorylation at Tyr15 was 
observed (Fig. 3C). The result of deactivation of 
Cdc2 is consistent with the observed increase in the 
cell population at G2/M phase. The increase in the 
cell population at subG1 phase and increased 
caspase 3 activity also supports the notion that Bβ2 
overexpression promotes neuronal apoptosis 
(Dagda et al., 2003). The specific substrate(s) 
targeted by Bβ2-dependent PP2A to regulate cell 
proliferation and survival in Bβ2 cells remain to be 
determined.  

In summary, we established Bβ stably induced 
cell lines to study the role of Bβ1/Bβ2 in cell 
proliferation regulation. Our results confirmed the 
targeting of Bβ2 to mitochondria and revealed that 
retarded cell proliferation was associated with 
increased inhibitory phosphorylation of Cdc2. 
Inhibition of Bβ2 expression may therefore provide 
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Figure 3. Phenotypes associated with induced Bβ 
expression. (A) Cell cycle distribution (percent cells) 
analyzed after PI-staining. The * indicates the difference 
between the indicated samples (Bβ2-Myc ± Dox) is 
statistically significant. (B) Representative flow 
cytometry images of cellular DNA content for Bβ2 cells 
with or without doxycycline. (C) Western blot analysis 
using Cdc2, P-Cdc2 (Tyr15) and β-actin antibodies. (D) 
MTT assay based on the cleavage of 
3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium 
bromide by mitochondrial dehydrogenase in viable cells. 
(E) Caspase 3 activity assay using Ac-DEVD-AMC as 
substrate . The data for MTT and caspase 3 assays shown 
are the mean ± SCE of three independent experiments. 
The * indicates a significant difference between the 
indicated samples (Bβ2-Myc ± Dox). 
 
an attractive avenue for developing potential 
therapeutic strategies to treat neurodegenerative 
disorders related to increased PP2A/Bβ2 activity. 
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摘    要 

 
PPP2R2B (Bβ)為廣泛表現在腦部的去磷酸酶 PP2A 的調控次單位。啟動子的差異使用及選擇性

裁接，產生 N 端相異的 Bβ1 及 Bβ2 兩種 isoform，分別使 PP2A 主要作用在細胞內不同部位。Bβ
在神經細胞存活上扮演重要角色。Bβ1/Bβ2 表現的改變會影響 PP2A 活性，進而導致神經退化性疾

病。為檢視 Bβ調控的 PP2A 在神經退化性疾病的角色，我們建立了誘導性 Bβ1/Bβ2 細胞株。Myc
標記的 Bβ1、Bβ2 蛋白的誘導表現後，分別被標的至細胞質或粒線體。Bβ 細胞株的細胞週期分析

顯示，在 Bβ2 表現的細胞中，subG1 及 G2/M 期顯著增加，並伴隨著顯著的細胞增生遲緩及抑制性

磷酸化 Cdc2 蛋白增加。我們的實驗結果顯示，抑制 Bβ2 表現可能被發展為有潛能的治療策略，來

治療與 PP2A/ Bβ2 活性增加相關的神經退化性疾病。 
 

關鍵詞：PPP2R2B、Bβ1/Bβ2 isoform、細胞增生調節 
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