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The activity and substrate specificity of the ubiquitously expressed
phosphatase PP2A is determined by the type of regulatory (B)
subunit that couples to the catalytic/scaffold core of the enzyme.
We determined that the Bβ subunit (PPP2R2B) is expressed in rest-
ing T cells, its transcription is down-regulated during T-cell activa-
tion, and up-regulated in conditions of low IL-2. Specifically, high
levels of PP2A Bβ were produced during IL-2 deprivation-induced
apoptosis, whereas Fas ligation had no effect. Forced expression
of the Bβ subunit in primary human T cells was sufficient to induce
apoptosis, whereas silencing using siRNA protected activated T
cells from IL-2 withdrawal-induced cell death. Because T-cell apo-
ptosis is known to be altered in T cells from patients with systemic
lupus erythematosus, we analyzed the regulation of PP2A Bβ in
this autoimmune disease. We found that levels of PP2A Bβ did not
increase upon IL-2 deprivation in 50% of the patients. Remarkably,
this defect was accompanied by resistance to apoptosis. Impor-
tantly, kinetics of cell death were normal in cells of patients that
up-regulated PP2A Bβ in a normal manner. We have identified
a unique role for the phosphatase PP2A, particularly the holoen-
zyme formed by PP2A Bβ. Bβ appears to trigger apoptosis of T cells
in the absence of IL-2 and probably contributes to the termination
of a no-longer-needed immune response. We propose that defec-
tive production of PP2A Bβ upon IL-2 deprivation results in apo-
ptosis resistance and longer survival of autoreactive T cells, in a
subset of SLE patients.

Phosphorylation represents the major posttranslational modi-
fication that determines the fate and function of proteins (1).

The most commonly phosphorylated amino acid residues are
serine and threonine, which are the substrates of more than 400
serine/threonine kinases. Intriguingly, a much smaller number of
serine/threonine phosphatases (∼30) oppose their action (2). In
great part, this imbalance is explained by the fact that the main
serine/threonine phosphatases, including protein phosphatase
2A (PP2A), have flexible compositions that alter their func-
tion, localization, and activity, by interchanging different regu-
latory subunits (2, 3). Thus, the term PP2A actually refers to a
group of phosphatases that share a common catalytic/scaffolding
(C/A) core.
PP2A is an abundant and ubiquitously expressed, highly con-

served enzyme (3). It regulates a myriad of cellular processes,
including cell cycle progression and cell division, cell death, cy-
toskeleton dynamics, and signaling pathways (4, 5). PP2A is
composed of a scaffold subunit (A), a catalytic subunit (C), and a
regulatory (B) subunit. The catalytic and scaffold subunits are each
coded by two closely homologous genes (PP2A C α, PPP2CA and
β, PPP2CB; PP2A A α, PPP2R1A and β, PPP2R1B). In contrast,
the regulatory subunits are coded by a large variety of genes that
have been grouped in three families (B, B′, and B′′) (3). A
functional PP2A holoenzyme is formed when the relatively in-
variant catalytic/scaffold core heterodimer couples with one of
the B subunits. The choice of the regulatory B subunit deter-
mines the substrate specificity of the enzyme, as well as its in-
tracellular distribution (2). Therefore, consideration of the

nature of the B subunits involved in a specific function of PP2A
is essential to the understanding of that process.
Disturbances in the expression and/or function of PP2A have

been linked to human diseases, including cancer (6) and neu-
rodegenerative (7) and autoimmune diseases (8). Patients with
systemic lupus erythematosus (SLE), a chronic autoimmune
condition (9), have abnormally high levels and activity of PP2A C
in T cells (8). Increased PP2A expression has been shown to
contribute to altered expression of transcription factors and
cytokines (8). Because PP2A is involved in several T-cell func-
tions that could theoretically contribute to disease expression in
patients with SLE, we decided to identify which B subunits are
expressed in T cells and determine if they contribute to the ab-
normal T-cell phenotype observed in the disease.
In this communication we describe the expression of PP2A

regulatory (B) subunits in human T cells and dissect the factors
that regulate the expression of PP2A Bβ. We show that the
subunit Bβ is involved in the regulation of programmed cell
death triggered by IL-2 deficiency and identify a subset of
patients with SLE in which altered regulation of PP2A Bβ is
associated with resistance to IL-2 deprivation-induced apoptosis.

Results
Multiple PP2A Regulatory Subunits Are Expressed in Human T Cells.
PP2A is ubiquitously expressed. However, tissue distribution,
intracellular location, and the function of each PP2A holoen-
zyme depend on the particular regulatory subunit associated with
the A/C core heterodimer (2, 3). Thus, the repertoire of B sub-
units expressed by a particular cell type determines the function
of PP2A in that specific cell. To identify which PP2A B subunits
are present in T cells, we isolated RNA from resting and acti-
vated cells. We detected mRNA from all known B subunits ex-
cept for Bγ (PPP2R2C) and B′′α (PPP2R3A; Fig. S1A). Levels of
RNA from B subunits were down-regulated following cell stim-
ulation with anti-CD3 and anti-CD28 antibodies. Notably, low
levels of Bβ (PPP2R2B) were detected in resting cells, and they
virtually disappeared after cell activation (Fig. S1B and Fig. 1A).

PP2A Bβ Transcription Is Elicited by IL-2 Withdrawal. The modulation
of PP2A Bβ induced by T-cell activation suggested that the
abundance of this subunit is regulated at the transcriptional
level. Moreover, PP2A Bβ is known to be important in the reg-
ulation of neuron survival: ectopic expression causes cell death in
neuronal cell lines (10, 11), and expansion of a trinucleotide
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repeat in the 5′ noncoding region of its gene is responsible for
the neurodegenerative disease spinocerebellar ataxia type 12
(12). Thus, we hypothesized that the function of this PP2A
regulatory subunit in T cells could be related to the regulation of
cell cycle and death.
To define the conditions in which PP2A Bβ is transcribed, we

performed time-course activation experiments with human T
cells stimulated through the T-cell receptor-associated complex
(CD3) and the main costimulatory molecule CD28. As shown in
Fig. 1A, T-cell activation caused a rapid and profound down-
regulation of PP2A Bβ. The decrease in its mRNA levels co-
incided with the peak of secretion of IL-2, which occurs ∼12 h
after T-cell activation. Levels of PP2A Bβ started to rise at late
time points (72–96 h), when IL-2 production has ceased (13). To
determine if IL-2 concentrations played a role in its regulation
and lack of IL-2 was indeed causing the up-regulation of PP2A
Bβ, we supplemented cell cultures after 48 h of activation with
IL-2. In sharp contrast to cell cultures devoid of exogenous IL-2,
cells failed to increase PP2A Bβ if IL-2 had been added (Fig.
1B). The inhibitory effect of IL-2 on PP2A Bβ expression was
dose dependent (Fig. S2). This suggested that IL-2 interferes
with the expression of PP2A Bβ. To determine if absence of IL-2
could indeed trigger PP2A Bβ transcription, we incubated acti-
vated T cells in IL-2–free medium in the presence of an anti–IL-
2 antibody to neutralize IL-2 production. As shown in Fig. 1C,
levels of PP2A Bβ increased as early as 4 h after IL-2 withdrawal

and neutralization. These results indicate that PP2A Bβ is down-
regulated in T cells after activation and transcribed again upon
IL-2 deprivation.

PP2A Bβ Is Up-Regulated During IL-2 Withdrawal-Induced Apoptosis.
Antigen-specific T-cell clones that have expanded during the
course of an immune response are deleted when the stimulus
ceases. Deletion is accomplished through apoptosis induced by
ligation of Fas (or other death receptors) or cytokine withdrawal
(14). To determine whether PP2A Bβ is expressed during Fas-
mediated or cytokine withdrawal-induced apoptosis, we stimu-
lated primary human T cells with plate-bound anti-CD3 and anti-
CD28 for 3 d followed by a period of 7 d in the presence of IL-2,
before incubating them with anti-Fas, or depriving them of IL-2
(15). As shown in Fig. 2 A and C, anti-Fas antibody caused ap-
optosis in a dose-dependent fashion. Notably, mRNA levels of
PP2A Bβ were not affected during this process (Fig. 2B). As
expected, IL-2 withdrawal caused a significant degree of apo-

Fig. 1. PP2A Bβ is down-regulated during T-cell activation and induced in
the absence of IL-2. (A) T cells were stimulated in the presence of plate-
bound anti-CD3 (1 μg/mL) and anti-CD28 (1 μg/mL). mRNA levels of PP2A Bβ
were assessed by real-time PCR. The results were normalized using β-actin
expression and are expressed as relative to levels of unstimulated cells (mean ±
SEM). (B) T cells stimulated as in A were incubated in the absence (○) or
presence (●) of IL-2 (100 U/mL) during the indicated time. PP2A Bβ was
quantified as in A. Expression levels (mean ± SEM) are relative to those of cells
at 48 h. *P < 0.05. (C) T cells were stimulated as in A and expanded in IL-2–
containing medium for 7 d. Next, cells were washed and incubated in IL-2–free
medium in the presence of a neutralizing anti-human IL-2 antibody (10 μg/mL).
At the indicated timepoints, PP2ABβwas quantified. Expression levels (mean±
SD) are relative to those of cells not deprived of IL-2.

Fig. 2. Expression of PP2A Bβ is elicited during IL-2 withdrawal-induced
apoptosis. (A and C) T cells were stimulated with plate-bound anti-CD3 (1 μg/
mL) and anti-CD28 (1 μg/mL) during 3 d and expanded in IL-2–containing
medium (7 d). Then, cells were washed and incubated in the presence of
increasing concentrations of plate-bound anti-Fas antibody. Early apoptotic
cells [annexin V+ propidium iodide (PI)−] were quantified by flow cytometry.
Cumulative data (mean ± SEM) from one experiment are shown in A; dot
plots from a representative individual are shown in C. (B) RNA was extracted
from a fraction of the cells, and PP2A Bβ levels were assessed by real-time
PCR. Expression relative to that of cells incubated in the absence of anti-Fas
is shown (fold change, mean ± SEM, n = 3). One of three independent
experiments is depicted. (D and F) Cells stimulated and expanded as in A
were washed and incubated in the absence of IL-2. At the indicated time
points, cells were harvested and apoptosis was quantified as in C. (E) A
fraction of the IL-2–deprived cells was used to isolate RNA and quantify PP2A
Bβ as in B.

12444 | www.pnas.org/cgi/doi/10.1073/pnas.1103915108 Crispín et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1103915108/-/DCSupplemental/pnas.201103915SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1103915108


ptosis (Fig. 2 D and F). In contrast with the cells incubated with
anti-Fas, IL-2 deprivation was associated with a robust induction
of PP2A Bβ (Fig. 2E). Taken together, these data indicate that
transcription of PP2A Bβ is elicited in states of IL-2 withdrawal
and is not affected by Fas engagement. Moreover, the presence
of PP2A Bβ is intimately associated with T-cell apoptosis.

Forced Expression of PP2A Bβ Is Associated with T-Cell Apoptosis. To
study the effects of PP2A Bβ expression in T cells, we cloned the
human PP2A Bβ into an expression vector. Transfection of pri-
mary human T cells with the PP2A Bβ-containing vector caused
high degrees of cell death evident in flow cytometry analyses
after 24 and 48 h by decreased cellular size (forward scatter) and
increased cellular complexity (side scatter; Fig. 3A). Decreased
cell viability was confirmed manually in cell aliquots stained with
trypan blue. To determine if the observed cell death was attri-
butable to apoptosis, we performed TUNEL staining. As shown
in Fig. 3B, a large fraction of the efficiently transfected T cells
(EmGFP+ cells) was TUNEL+. In contrast, only a small per-
centage of TUNEL+ cells was observed among cells that did not
express the PP2A Bβ-containing vector (9.0 ± 0.07% vs. 53.7 ±
0.07%, respectively; P < 0.05). Further confirmation of apoptosis
in cells transfected with PP2A Bβ was obtained by demonstrating
DNA fragmentation in agarose gels (Fig. 3C). These data dem-
onstrate that ectopic expression of PP2A Bβ in resting human
T cells is sufficient to induce apoptosis.

Inhibition of PP2A Bβ Protects T cells from Apoptosis Induced by IL-2
Withdrawal. Together, our data suggest that during conditions of
low IL-2 levels, PP2A Bβ is up-regulated and apoptosis ensues.
To investigate whether PP2A Bβ is necessary for apoptosis
triggered by IL-2 deprivation, we stimulated T cells with anti-
CD3 and anti-CD28 for 3 d and then expanded them in the
presence of IL-2 for 7 d. At the end of this stimulation period,
cells were washed, counted, and transfected with different doses
(0.25–2.0 μM) of a PP2A Bβ-specific siRNA or a scrambled
control siRNA. Effective knockdown was achieved during ≥72 h
using 1 μM siRNA (Fig. 4A). To determine if PP2A Bβ silencing
could indeed block cell death, we analyzed the effect of siRNA
transfection after 48 and 72 h of IL-2 deprivation. Fig. 4B shows
the relative numbers of live cells in wells transfected with control
siRNA and PP2A Bβ siRNA. PP2A Bβ knockdown increased
significantly the number of live cells at 48 (55 ± 5%, P < 0.01)
and 72 h (30 ± 10%, P < 0.05). Inhibition of apoptosis was
confirmed using a different PP2A Bβ-specific siRNA (s10970;
Fig. S3). These results indicate that PP2A Bβ is essential in the
process of apoptosis induced by IL-2 withdrawal, because its
inhibition protects cells from death induced by IL-2 deprivation.

Up-Regulation of PP2A Bβ and Apoptosis Induced by IL-2 Withdrawal
Are Deficient in a Subset of Patients with SLE. SLE is a chronic
autoimmune disease associated with defective T and B lym-
phocyte activation (16). T cells from SLE patients exhibit
a complex array of biochemical abnormalities that include ab-
normal apoptosis. Spontaneous apoptosis is increased (17),
whereas activation-induced apoptosis is defective (18, 19). De-
fective apoptosis following T-cell activation is particularly im-
portant in SLE, because defects in this process could potentially
contribute to the accumulation of autoreactive pathogenic T
cells. To evaluate if apoptosis induced by IL-2 deprivation occurs
normally in SLE, we stimulated T cells from patients with SLE
following the 10-d stimulation procedure described above, and
subjected the cells to Fas cross-linking or IL-2 deprivation. We
noted that cells from half of the patients were resistant to apo-
ptosis upon IL-2 withdrawal. In contrast, cells from the other half
of the patients underwent apoptosis with kinetics indistinguish-

Fig. 3. Forced expression of PP2A Bβ causes apoptosis. (A) Human PP2A Bβ
(PPP2R2B) was cloned into a bicistronic vector expressing PP2A Bβ and em-
erald GFP (EmGFP) under separate promoters. Resting primary human T cells
were transfected by nucleoporation, and flow cytometry was performed
after 24 h. Shown are representative dot plots of cells transfected with the
PP2A Bβ-containing vector or an otherwise identical empty plasmid. The
gate indicates the position of viable cells according to forward and side
scatter parameters. (B) After fixing and permeabilizing, cells were stained
using a fluorescent TUNEL assay. A representative contour plot shows that
even though there are virtually no TUNEL+ cells among the cells that fail to
express the plasmid (EmGFP− cells), a large fraction of EmGFP+ cells are
TUNEL+, which indicates that the presence of PP2A Bβ induces apoptosis in
effectively transfected cells. These experiments were repeated five times. (C)
T cells transfected as in A were lysed, and DNA was extracted and analyzed
in a 1.5% agarose gel. DNA from cells transfected with an empty vector (EV)
was intact and did not migrate. In contrast, DNA migration was obviously
increased in cells transfected with PP2A Bβ, indicating the presence of small
fragments of digested DNA.

Fig. 4. PP2A Bβ silencing decreases cell death in conditions of low IL-2. (A)
Human T cells were stimulated and expanded for 10 d and then washed and
counted before transfection with either a siRNA-specific for PP2A Bβ
(s10971) or a control siRNA (1μM). Levels of PP2A Bβ were assessed at the
indicated time points using real-time PCR and are expressed as relative to
the levels of cells transfected with control siRNA. Shown is the cumulative
data from four independent experiments. *P < 0.005. (B) Cells expanded and
transfected as in A were incubated in IL-2–free medium. Live cells were
quantified at the indicated time points. Results are expressed as the ratio of
live cells in wells transfected with control siRNA and PP2A Bβ siRNA. Shown is
the cumulative data from three independent experiments. *P < 0.05.
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able from those of healthy subjects. Accordingly, we divided the
patients in two groups based on their susceptibility or resistance to
apoptosis in conditions of low IL-2. As shown in Fig. 5A, a signifi-
cantly lower percentage of T cells from apoptosis-resistant patients
(SLE Re) were apoptotic at 24, 48, and 72 h following IL-2 dep-
rivation (P < 0.05) than cells from healthy individuals or apoptosis-
susceptible patients (SLE Su). Interestingly, apoptosis induced by
Fas cross-linking was not altered in cells of any of the SLE patients,
irrespective of their behavior during IL-2 deprivation (Fig. 5C). To
determine if altered regulation of PP2A Bβ was involved in this
phenotype, we assessed the levels of PP2A Bβ after IL-2 with-
drawal. As shown in Fig. 5B, levels of PP2A Bβ increased
(∼threefold) in cells from healthy individuals upon 48 h of IL-2
deprivation. A normal elevation of PP2A Bβ levels was likewise
observed in cells from SLE patients with normal apoptosis kinetics
(SLE Su). In sharp contrast, PP2A Bβ levels exhibited only a mild,
nonsignificant increase from basal levels after IL-2 withdrawal in
cells from SLERe patients. As expected, levels of PP2ABβ did not
increase significantly after Fas cross-linking in any of the groups
(Fig. 5D). To determine if differences in basal T-cell activation
related to disease activity affected susceptibility to apoptosis, we
analyzed the SLE disease activity index (SLEDAI) of the studied
patients. As shown in Fig. S4, there was no difference in disease
activity between resistant and susceptible patients. These findings
indicate that T cells from a large fraction of patients with SLE are
resistant to apoptosis induced by low levels of IL-2, and suggest that
defective regulation of PP2A Bβ is responsible for this phenotype.

Discussion
We have provided evidence that the Bβ regulatory subunit of
protein phosphatase 2A is expressed in human T cells when IL-2

levels decrease. Moreover, expression of PP2A Bβ is associated
with the induction of apoptosis, and its forced expression in T
cells triggers programmed cell death. Silencing of PP2A Bβ in
activated T cells deprived of IL-2 decreases cell death, indicating
that PP2A Bβ plays an essential role in this process. Finally, we
have found that T cells from half of patients with SLE are re-
sistant to IL-2 withdrawal-induced apoptosis, and that such re-
sistance is associated with failure to up-regulate PP2A Bβ in low
IL-2 conditions.
Apoptosis is an essential phenomenon that limits the duration

of immune responses and maintains the diversity of the lymphoid
repertoire (20). The importance of this process is well known,
and deficiency of central molecules involved in lymphocyte ap-
optosis causes lymphoproliferative and autoimmune diseases in
mice and humans (15, 21–24). Apoptosis induced by IL-2 dep-
rivation is triggered by intrinsic cellular signals (14). The balance
between anti- and proapoptotic Bcl-2 family proteins determines
the maintenance of the mitochondrial membrane potential.
In the presence of IL-2, Bad is phosphorylated and sequestered
in the cytoplasm by 14-3-3 proteins (25–28). Bim, another pro-
apoptotic molecule, is absent, and levels of antiapoptotic Bcl-2
and Bcl-x are high. During IL-2 deprivation, Bad becomes
dephosphorylated, dissociates from 14-3-3, and translocates to
the mitochondrial membrane where it binds to Bcl-2 and Bcl-x
and neutralizes their antiapoptotic capacity (26, 29). This process
results in the loss of the mitochondrial membrane potential and
leads to apoptosis. Two major serine/threonine phosphatases,
PP1 (30) and PP2A, have been shown to dephosphorylate Bad
(31, 32). In fact, IL-2 deprivation-induced Bad dephosphory-
lation can be blocked by okadaic acid and calyculin A, powerful
PP2A and PP1 inhibitors (33). PP2A has also been shown to
dephosphorylate 14-3-3 (34).
Cell cycle regulation and apoptosis induction are linked pro-

cesses controlled in T cells by IL-2. IL-2 promotes Akt phos-
phorylation by phosphoinositide 3-kinase. This induces Bcl-2 and
c-myc, which inhibit apoptosis and stimulate cell cycle pro-
gression (35). PP2A has been shown to inactivate Akt by de-
phosphorylation, which induces p27kip1, causing cell cycle arrest
and apoptosis in cancer cells (36).
Apoptosis induction in response to IL-2 deprivation and sub-

sequent mitochondrial depolarization is associated with a distinct
gene transcription profile (37–39). In fact, it requires gene
transcription and can be blocked by cycloheximide and actino-
mycin D. Our results indicate that PP2A Bβ is one of the genes
induced during this process. The fact that cell death induced by
IL-2 deprivation can be decreased by silencing PP2A Bβ indi-
cates that its role is important and probably upstream of ef-
fector molecules.
Thus, PP2A is involved in the regulation of multiple players

that determine the fate of the T cell in response to IL-2 levels.
The identity of the particular B regulatory subunit(s) associated
with each of these effects is unknown. The death-inducing effect
of PP2A Bβ ectopic expression could depend on Bad or Akt
dephosphorylation, or on a yet-unknown function of PP2A.
Further work will determine if Bβ is the regulatory subunit that
confers PP2A the capacity to act upon Bad or 14-3-3. The ex-
pression kinetics of PP2A Bβ suggests that it may act as a nega-
tive regulator of cell cycle progression—present in resting T cells
(mostly in G0), disappearing after T-cell activation, and tran-
scribed again in response to growth factor depletion.
The regulation of T-cell death following activation is known

to be altered in patients with SLE (18, 19, 40). Here we have
confirmed and expanded those findings. Our results indicate that
the kinetics of apoptosis following IL-2 deprivation is affected in
a fraction of patients with SLE. Importantly, induction of PP2A
Bβ upon IL-2 withdrawal was suboptimal or completely absent in
these patients, which confirms the importance of PP2A Bβ as
a molecule induced in cytokine withdrawal apoptosis and sug-

Fig. 5. Defective up-regulation of PP2A Bβ upon IL-2 withdrawal is associ-
ated with apoptosis resistance in patients with SLE. (A) T cells isolated from
healthy donors (n = 11) or patients with SLE (n = 14) were stimulated and
expanded for 10 d and then deprived of IL-2. Apoptosis was quantified by
flow cytometry (annexin V and PI staining). Patients with SLE were divided in
two groups (susceptible, SLE Su; resistant, SLE Re) based on the observed
apoptosis kinetics. Each group was comprised of seven patients. *P = 0.01 vs.
SLE Su; †P = 0.02 vs. SLE Su; ‡P = 0.001 vs. SLE Su, P = 0.04 vs. control. (B) RNA
was isolated after 48 h of IL-2 deprivation, and PP2A Bβ levels were assessed
by real-time PCR. Shown is cumulative data from six experiments. Results are
expressed as relative to PP2A Bβ levels of cells not deprived of IL-2. *P < 0.05.
(C) T cells stimulated and expanded as in A were incubated in the presence
of immobilized anti-Fas. Apoptosis was quantified as in A. No differences
were observed between the three groups. (D) PP2A Bβ mRNA of anti-Fas–
treated cells was quantified as in B. Expression levels are relative to cells not
treated with anti-Fas. n.s., not significant.
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gests that its faulty expression may underlie the observed phe-
notype. Mitochondrial hyperpolarization (MHP) could also
contribute to the apoptosis resistance observed in SLE patients
upon IL-2 deprivation (18, 41). A deeper understanding of the
mechanisms whereby PP2A Bβ induces apoptosis will determine
if MHP and low PP2A Bβ are associated. The activator protein
(AP)-1 transcription factors (c-fos and c-jun) are up-regulated in
T cells upon IL-2 deprivation (37). Levels of these transcription
factors have been reported to be low in patients with SLE (8, 42).
This defect may underlie the low PP2A Bβ induction observed in
patients with deficient apoptosis.
Cellular levels of the catalytic subunit of PP2A are abnormally

high in patients with SLE (8). This defect affects the activity of
several transcription factors (8, 43, 44) and has been proposed to
contribute to the altered phenotype of T cells from SLE patients
(9). The fact that levels of PP2A Bβ are abnormally low in some
patients with SLE underscores the notion that each component
of the PP2A holoenzyme is regulated separately, and hints at its
complex regulation (2). Further work will clarify whether in-
creased levels of PP2Ac and faulty up-regulation of PP2A Bβ
are associated.
Therapeutic modulation of PP2A is not feasible because of the

large number of essential roles it plays in cellular physiology (45).
Thus, PP2A could only become a suitable pharmacologic target
when the expression and/or function of specific B subunits in-
volved in pathologic pathways are identified. Here we have de-
scribed which B subunits are expressed in T lymphocytes and
assigned a role for one of them as a key regulator of apoptosis
upon IL-2 deprivation.

Materials and Methods
Patients and Control Subjects. Blood samples were obtained from 16 healthy
platelet donors from the Kraft Family Blood Donor Center (Dana Farber
Cancer Institute, Boston) and from 14 patients with SLE that fulfilled the
revised classification criteria for SLE from the American College of Rheu-
matology (46). The clinical and demographic characteristics of the patients
are provided in Fig. S4A. Information of the healthy donors is omitted, be-
cause we do not have access to it per policy of the Kraft Family Blood Donor
Center. T cells were isolated by negative selection (RosetteSep; Stemcell
Technologies). Purity was always ≥96%. The study was approved by the In-
stitutional Review Board of the Beth Israel Deaconess Medical Center. All
study participants signed informed consent forms.

RNA Isolation and PCR. RNA was isolated using TRIzol (Invitrogen). cDNA was
produced from 500 ng of RNA (Reverse Transcription System; Promega). Real-
time PCR was performed using SYBR Green (LightCycler 480 SYBR Green I
Master; Roche). Primer sequences and amplification conditions are available
upon request.

T-Cell Stimulation and Apoptosis Induction. T cells were stimulated with plate-
bound anti-CD3 (clone OKT-3, 1 μg/mL; BioXCell) and anti-CD28 (clone
CD28.2, 1 μg/mL; Biolegend) in full RPMI (3 × 106 T cells in 2 mL of RPMI)
during 3 d. Next, cells were replated in 6 mL of fresh, full RPMI containing
human recombinant IL-2 (100 U/mL; R&D Systems). IL-2 was replenished
every 48 h. After 7 d in RPMI supplemented with IL-2, cells were washed and
replated in the presence of IL-2 (100 U/mL; control), anti-Fas (clone DX2, 1–
1,000 ng/mL; BD Biosciences), or medium (IL-2 deprivation). In some
experiments, an anti–IL-2 antibody (clone MQ1-17H12, 10 μg/mL; Biolegend)
was used to neutralize IL-2.

Apoptosis Detection. Inmost experiments, apoptosiswasassessedbyannexinV
bindingandpropidium iodideexclusion. Datawereacquiredusing aLSRIIflow
cytometer (BD Biosciences) and analyzed using FlowJo (Tree Star, Inc.). For
some experiments, cells were stainedwith TUNEL (In Situ Cell Death Detection
Kit; Roche) and analyzed with flow cytometry. For the detection of DNA
fragmentation, DNAwas precipitated from the phenol phase of the TRIzol cell
lysate and run in a 1.5% agarose gel stained with SYBR Safe (Invitrogen).

PP2A Bβ Cloning and Expression. The mRNA sequence of PPP2R2B
(NM_181676.2) was obtained from the Gene database (www.ncbi.nlm.nih.
gov/gene) and cloned from human total brain cDNA (US Biological). The
sequence was inserted into the pcDNA6.2/EmGFP-Bsd/V5-Dest plasmid
(Invitrogen). An empty plasmid was expanded as control. T cells (106) were
transfected with 5 μg of plasmid by nucleoporation using the Amaxa
Human T-cell Nucleofector Kit (Lonza). Cells were assayed at 24 and 48 h
posttransfection.

PP2A Bβ Silencing. T cells were stimulated and expanded during 10 d as
described. Then, 107 T cells were transfected with different concentrations
(0.25–2.0 μM) of either specific validated silencer siRNAs or the negative
control 1 siRNA (Ambion). Silencing efficiency and cell assays were per-
formed at 48 and 72 h.

Statistical Analyses. Paired and nonpaired Student two-tailed t tests were
used. Results are expressed as the mean ± SEM, unless noted otherwise.
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