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The Catalytic Subunit of Protein Phosphatase 2A (PP2Ac)
Promotes DNA Hypomethylation by Suppressing the
Phosphorylated Mitogen-activated Protein
Kinase/Extracellular Signal-regulated Kinase (ERK) Kinase
(MEK)/Phosphorylated ERK/DNMT1 Protein Pathway in
T-cells from Controls and Systemic Lupus Erythematosus
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Background: PP2A is a serine/threonine phosphatase with a central role in the pathogenesis of SLE.
Results: Suppression of PP2A mediates increased DNA methylation through the MEK/ERK/DNMT1 pathway in normal and

SLE T-cells.

Conclusion: PP2A overexpression accounts for DNA hypomethylation in SLE T-cells.
Significance: Here, we propose a link between increased PP2A expression and reduced DNA methylation in SLE.

DNA hypomethylation is a characteristic feature of systemic
lupus erythematosus (SLE) immune cells. Numerous reports
have implicated the involvement of the MEK/ERK pathway in
the reduction of DNA methyltransferase (DNMT) expression,
hence inducing the transcription of methylation-sensitive genes
in SLE patients. However, the molecular mechanisms involved
remain unclear. Here, we investigated whether the catalytic sub-
unit of protein phosphatase 2A (PP2Ac), which is overexpressed
in SLE T-cells, contributes to reduced DNA methylation. We
show that both chemical suppression and siRNA silencing of
PP2Ac in T-cells resulted in sustained phosphorylation of MEK
and ERK following stimulation with phorbol 12-myristate
13-acetate and ionomycin. Furthermore, PP2Ac suppression
resulted in increased DNMT enzyme activity, DNA hyperm-
ethylation, and decreased expression of methylation-sensitive
genes. Similarly, in SLE T-cells, suppression of PP2Ac resulted
in increased MEK/ERK phosphorylation, enhanced DNMT1
expression and suppressed expression of the methylation-sensi-
tive CD70 gene. Our results demonstrate that PP2A regulates
DNA methylation by influencing the phosphorylation of MEK/
ERK. We propose that enhanced PP2Ac in SLE T-cells may
dephosphorylate and activate the signaling pathway upstream
of DNMT1, thus disturbing the tight control of methylation-
sensitive genes, which are involved in SLE pathogenesis.
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Systemic lupus erythematosus (SLE)* is an autoimmune dis-
ease that affects mainly women. It is complex and multifaceted
in its pathogenesis and affects various organs, including kid-
neys, skin, joints, brain, heart, and lungs (1). Underlying abnor-
malities of the immune system are the leading cause of the
clinical presentation in SLE (2). In particular, signaling defects
in T-cells have been implicated in the pathogenesis of this dis-
ease (3).

Protein phosphatase 2A (PP2A) is a ubiquitously expressed
and highly conserved serine/threonine phosphatase that plays
an essential role in multiple cellular processes, including cell
division, cytoskeletal dynamics, and various signaling pathways
(4). The PP2A core enzyme consists of the scaffold subunit A
and the catalytic subunit C. To form a functional holoenzyme,
the core enzyme interacts with one of the many regulatory sub-
units, thus defining its specificity (5, 6). We have previously
demonstrated that PP2A mRNA and protein levels, as well as
the activity of the catalytic subunit (PP2Ac), are increased in
T-cells isolated from SLE patients compared with healthy con-
trols (7, 8). This enhanced expression and activity of PP2Ac
have been shown to be responsible for some of the key signaling
defects seen in SLE T-cells such as reduced expression of the
T-cell receptor-associated CD3{ chain and diminished produc-
tion of the cytokine IL-2 (9). Furthermore, it dephosphorylates
and activates the transcriptional enhancer of CREM, the spec-
ificity protein SP-1 (10). Thus, PP2Ac is a central component of
the molecular mechanisms contributing to SLE.

“The abbreviations used are: SLE, systemic lupus erythematosus; PP2A, pro-
tein phosphatase 2A; PP2Ac, PP2A catalytic subunit; DNMT, DNA methyl-
transferase; OA, okadaic acid; PMA, phorbol 12-myristate 13-acetate;
Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;
5-mC, 5-methylcytosine.
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TABLE 1
Patient demographics and treatment

SLEDAL SLE disease activity index; F, female; H, hydroxychloroquine (milligrams); MTX, methotrexate (milligrams); A, azathioprine (milligrams); M, mycophenolate

mofetil (milligrams).

Age SLEDAI Race Gender Prednisone Others
mg/day

28 years old 0 White F 0 0
51 years old 0 African American F 0 H400 + MTX25
24 years old 2 African American F 10 H400 + A100
42 years old 0 African American F 0 H400
45 years old 4 White F 40 M1000
29 years old 2 African American F 0 H400 + M1000

Another hallmark of SLE T-cells is the general hypomethy-
lated state of genomic DNA. The degree of hypomethylation
has been shown to correlate with disease activity (11). Several
genes, including ICAM1, CD70, and CD11a, are hypomethy-
lated and overexpressed in SLE T-cells (12). DNMT]1, the key
methyltransferase responsible for DNA remethylation during
cell division, has been demonstrated to be decreased in SLE
T-cells, thus contributing to the hypomethylated state of DNA.
Although the exact mechanisms leading to hypomethylation in
SLE remain unknown, several studies have implicated a defec-
tive MAPK/ERK signaling pathway to contribute to reduced
DNMT1 expression and function (13, 14).

In this study, we provide a link between two hallmarks of SLE
T-cells that contribute to autoimmune pathology: the increased
expression of PP2Ac and the general hypomethylated state of
DNA. We show for the first time that the activity/expression of
PP2A controls the expression of DNMT1 through the MEK/
ERK signaling pathway and thus influences the expression of
methylation-sensitive genes in normal and SLE T-cells.

EXPERIMENTAL PROCEDURES

Patients Enrolled in the Study and T-cell Isolation—A total of
27 patients were enrolled in this study. The patient demograph-
ics and treatment of 6 of the 27 patients are provided in Table 1.
The rest of the 21 patients have been described elsewhere (15).

Primary T-cells were purified from peripheral venous blood
obtained from healthy volunteers as well as from patients. The
blood was incubated for 30 min with a rosette T-cell purifica-
tion kit (STEMCELL Technologies) that contained a tetrameric
Ab mixture against CD14, CD16, CD19, CD56, and glyco-
phorin A that attaches non-T-cells to erythrocytes. Ficoll-con-
taining Lymphoprep gradient (Mediatech Inc., Manassas, VA)
was subsequently used to separate these complexes from
T-cells. T-cells were cultured in RPMI 1640 medium (Mediat-
ech Inc.) supplemented with 2 mMm L-glutamine, 10% fetal calf
serum (Quality Biological), 50 units/ml penicillin (Sigma-Al-
drich), and 50 pg/ml streptomycin (Sigma-Aldrich) and main-
tained in a humidified incubator (37 °C, 5% CO,). Studies were
approved by the Institutional Review Board of the Beth Israel
Deaconess Medical Center. Unless noted otherwise, the exper-
iments were carried out with multiple donors (n = 6).

Inhibition/Knockdown of PP2A and Sample Preparations—
We studied the effect of PP2A in T-cells using two different
approaches. The first approach involved the pretreatment of
T-cells with a chemical inhibitor of PP2A, okadaic acid (OA).
Briefly, 5 X 10° T-cells were treated overnight with 5 nm OA
(Upstate) before stimulation with phorbol 12-myristate 13-ac-
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etate (PMA; 5 ng/ml; Sigma-Aldrich) and ionomycin (1 wm;
Sigma-Aldrich). The second approach was siRNA-mediated
knockdown of PP2Ac. A combination of PP2Aca siRNA
(Ambion s10957, s10958, and s10959) and PP2Acb siRNA
(Ambion s10961) or the corresponding negative control
siRNA-1 (Ambion AM4635) was transfected into 1 X 107
T-cells using an Amaxa Nucleoporator according to the man-
ufacturer’s instructions. For both PP2Ac siRNAs as well as the
control siRNA, three individual transfections with 1 X 107
T-cells each were done. The cells were then cultured in 6-well
plates in RPMI 1640 medium for 64 h. A total 3 X 107 cells from
each group were collected, washed once with PBS, and then plated
into 12-well plates (5 X 10° T-cells in 1 ml of fresh medium/well).
Cells were stimulated with 5 ng/ml PMA and 1 uM ionomycin
for 8 h. An equivalent volume of dimethyl sulfoxide was added
to the unstimulated control. Cells were harvested for DNA and
RNA purification using an AllPrep RNA/DNA/protein mini kit
(Qiagen). Nuclear protein extracts were made using an EpiQuik
nuclear extraction kit (Epigentek), and whole cell lysates were
made using lysis buffer (1 mm EDTA (Boston BioProducts),
0.5% Triton X-100, 5 mm NaF (Sigma-Aldrich), 6 M urea, 25
pg/ml leupeptin (Sigma-Aldrich), 25 ug/ml pepstatin (Sigma-
Aldrich), 3 pg/ml aprotinin (Sigma-Aldrich), 100 um PMSEF,
and 1 mM activated sodium orthovanadate (Sigma-Aldrich) in
PBS) for the different assays.

Quantification of Protein Levels—Whole cell lysates were
used for Western blotting to assess the protein levels. Briefly,
equal amounts of protein were loaded onto 4-12% Bis-Tris
NuPAGE precast gels (Invitrogen) and then transferred to
PVDF membrane. The membrane was blotted with the appro-
priate primary antibodies, which were purchased from Cell Sig-
naling (phospho-MEK1/2 rabbit Ab (9154), MEK1/2 rabbit Ab
(9122), phospho-ERK1/2 rabbit Ab (4370), ERK1/2 rabbit Ab
(4695), and PP2Ac rabbit Ab (2038)), Abcam (DNMT1 rabbit
Ab (ab16632)), and Sigma-Aldrich (B-actin rabbit Ab (A5060)).
After incubation with the corresponding HRP-conjugated sec-
ondary antibody (Santa Cruz Biotechnology), protein bands
were detected by enhanced chemiluminescence reagents
(Amersham Biosciences). The digital images were scanned
using a Fuji LAS-3000 scanner, and the density of each band
was measured using Quantity One software. The densitometric
ratio of phosphorylated protein to total protein or target pro-
tein to housekeeping protein was calculated for the semiquan-
tification. Furthermore, the phospho-ERK/ERK ratio was also
determined by ELISA (phospho-ERK1 and total ERK1 DuoSet
IC, R&D Systems) according to the manufacturer’s protocol.
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Measurement of DNMT Enzyme Activity—DNMT enzyme
activity in the nuclear extract described above was assessed
using an EpiQuik DNMT activity/inhibition assay ultra kit
(Epigentek) according to the manufacturer’s protocol. The con-
centration of nuclear proteins was measured by the BCA
method (Thermo Scientific), and an equal amount of nuclear
extract was reacted with enzyme substrate (S-adenosylmethio-
nine) for 90 min. Subsequently, capture antibody against
5-methylcytosine (5-mC) and then detection antibody were
added. After the final washing step, the reaction was developed.
Absorbance values were measured and quantified using a
standard curve. All samples were run in duplicates, and the
average was used for analysis.

Global DNA Methylation Analysis—DNA purified from
T-cells described above was used for quantification of methy-
lated DNA using a MethylFlash methylated DNA quantifica-
tion kit (Epigentek) according to the manufacturer’s instruc-
tions. To determine the relative methylation status of each
DNA sample, the percentage of 5-mC in sample DNA was
quantified using the absorbance value of the positive control.
All samples were run in duplicates, and the average was used for
analysis.

Methylated DNA Immunoprecipitation—The methylated
DNA immunoprecipitation assay was carried out according to
the recommendations of Zymo Research Corp. (16). Briefly,
genomic DNA from T-cells of patients or healthy controls and
from T-cells treated with various stimuli was isolated using the
AllPrep RNA/DNA/protein mini kit. The DNA thus obtained
was sheared to ~200-bp fragments using DNA Shearase (Zymo
Research Corp.), and 100 ng of this sheared DNA was used for
immunoprecipitation of methylated DNA. Real-time PCR was
performed with the methylated DNA using an ABI OneStepPlus
system. Equal amounts of completely (100%) methylated
human DNA and demethylated human DNA (Zymo Research
Corp.) acted as input and negative controls, respectively.

Reverse Transcription and Real-time PCR—Total RNA (300
ng) was transcribed into cDNA in a conventional thermocy-
cler using High Yield PCR EcoDry Premix™ (Clontech).
Real-time PCR was performed in duplicate for every sample
with a LightCycler® 480 system by adding SYBR Green (Roche
Applied Science) to the reaction mixture. The following prim-
ers were used: human PP2Aca, 5'-TCCGAGTCCCAGGTCA-
AGAG-3’' (forward) and 5'-GCTACAAGCAGTGTAACTGTT-
TCA-3' (reverse); human PP2Acb, 5'-AACGAGAACCAAGT-
GCGGAC-3' (forward) and 5'-TAATGCTACAAGAAGAGT-
CACAGTC-3' (reverse); human CD70, 5'-TACGTATCCAT-
CGTGATG-3' (forward) and 5'-GTTGGTGCAGAGTGT-
GTC-3’ (reverse); human ITGAL, 5'-GTCAGCTCATCATC-
CGAAACTG-3’ (forward) and 5'-AGACTGCAAGGTGCAG-
ACACA-3'; and GAPDH, 5'-CAACTACATGGTTTACATG-
TTCC-3" (forward) and 5-GGACTGTGGTCATGAGTCCT-3’
(reverse). The averaged cycle threshold values of each reaction
derived from the target gene, determined with LightCycler®
480 system software, were normalized to GAPDH levels. Cycle
threshold values were used to calculate relative mRNA expres-
sion by the AC, relative quantification method.
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Statistics—Data are presented as means * S.E. Paired two-
tailed Student’s ¢ tests were used for statistical analysis. Statis-
tical significance was defined as p < 0.05.

RESULTS

Silencing of PP2A or Inhibition of Its Activity Results in
Enhanced MEK/ERK Activation—To study the effect of PP2A
in T-cells, we employed a two-pronged approach. First, we
knocked down PP2Ac using siRNAs targeting both the PP2Aca
and PP2Acb isoforms of PP2Ac. As shown in Fig. 14, siRNA
treatment of T-cells resulted in a 90% reduction in PP2Aca and
PP2Acb mRNA levels. The reduction in PP2A protein levels
was assessed by Western blotting of T-cell lysates (Fig. 1B).
Densitometric analysis showed a 60% decrease in protein levels.
In addition to siRNA-mediated knockdown of PP2A protein
levels, we treated the cells with OA, a specific chemical inhibi-
tor of PP2A (7).

T-cells isolated from SLE patients have been reported to
exhibit impaired MEK/ERK signaling. To study the role of
PP2A in MEK/ERK signaling, T-cells were isolated from
healthy donors and either treated with OA or subjected to
PP2A-specific siRNA. T-cells were stimulated with PMA and
ionomycin, and activation of the MEK/ERK pathway was
assessed. When activated, MAP2K/MEK and MAPK/ERK
undergo phosphorylation. Phosphorylation was assessed by
Western blotting (Fig. 1, C and D) and an ELISA-based assay
(Fig. 1E). As shown in Fig. 1C, both OA treatment (left panel)
and siRNA-mediated PP2A knockdown (right panel) resulted
in an increase of MEK and ERK phosphorylation. Densitomet-
ric analysis was used to quantify the differences in the band
intensity of phosphorylated MEK and ERK (Fig. 1D). Phosphor-
ylation of ERK was also quantified using ELISA and confirmed
the observations made by immunoblotting. As shown in Fig. 1E,
cells treated with OA or PP2A siRNA exhibited higher levels of
phosphorylated ERK. Total ERK was used for normalization in
all samples. Thus, knockdown of PP2A or inhibition of its activ-
ity leads to amplified MEK/ERK signaling.

Suppression of PP2A Enhances DNMTI Expression and
Activity—MEK/ERK activation is known to affect DNMT1
expression. Because the suppression of PP2A results in an
enhanced MEK/ERK response, we tested its effects on DNMT1
expression and activity. T-cells treated with OA or PP2Ac-di-
rected siRNA were stimulated with PMA and ionomycin. The
expression levels of DNMT1 were then evaluated by immuno-
blotting. As shown in Fig. 24, both OA treatment (left panel)
and siRNA knockdown (right panel) resulted in increased
DNMT1 expression. We also assessed the effect of PP2A sup-
pression on DNMT1 mRNA and found that both OA treatment
and siRNA-mediated knockdown of PP2Ac led to an increase in
DNMT1 message (Fig. 2B).

Next, we aimed to determine the effect of PP2A suppression
on the enzyme activity of DNMT1. Nuclear extracts from all
samples were used in an ELISA utilizing 5-mC antibodies to
quantify the methyltransferase activity of DNMT1. The sam-
ples in which PP2A had been suppressed had higher enzyme
activity than the control samples (Fig. 2C, left (OA treatment)
and right (PP2Ac siRNA transfection) panels). Thus, inhibition
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FIGURE 1. Silencing of PP2A or inhibition of its activity leads to enhanced
MEK/ERK activation. A, efficacy of PP2Ac suppression by siRNA (si). A 300 nm
combination of PP2Aca and PP2Acb siRNAs or the corresponding negative
control (cont) siRNA was transfected into 1 X 107 T-cells by electroporation
and incubated on 6-well plates for 64 h before stimulation. Both isoforms of
PP2Ac transcripts were measured and normalized to GAPDH by real-time
RT-PCR. We confirmed significant suppression of PP2Ac compared with con-
trol samples. The results represent the mean = S.E. of six independent exper-
iments. B, the suppression of PP2Ac protein was also determined by Western
blotting. The densitometric ratio of PP2Ac to B-actin was calculated for the
semiquantification. The results represent the mean = S.E. of six independent
experiments. C, lysates prepared from T-cells either treated overnight with
OA (left panel) or transfected with PP2Ac siRNA (right panel) were used for
immunoblotting to compare the relative phosphorylation levels of MEK
(PMEK) and ERK (pERK) upon stimulation with 5 ng/mlPMA and 1 umionomy-
cin (lono) for 8 h. The basal level of each protein is also shown. Total ERK (tERK)
and MEK (tMEK) proteins and B-actin served as controls. The blots represent
one of six individual experiments. D, the densitometric ratio of phosphory-
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of PP2A activity mediates an increase in DNMT1 expression
levels and enzyme activity.

PP2A Suppression Mediates Global DNA Methylation—The
enhanced DNMT1 activity and expression we observed as a
consequence of PP2A suppression led us to investigate its effect
on global DNA methylation. DNMTT1 is the key maintenance
methyltransferase in mammals, and as such, a change in its
expression or activity affects the levels of global DNA methyla-
tion (12). Nuclear extracts were prepared from T-cells treated
with OA or subjected to siRNA-mediated knockdown of PP2A
and subsequently stimulated with PMA and ionomycin. All
samples were analyzed for the percentage of methylated DNA
(5-mC percent) compared with total DNA using ELISA. Cells
treated with vehicle control or control siRNA served as internal
controls. As shown in Fig. 3, both OA treatment (left panel) and
transfection with PP2A siRNA (right panel) resulted in an
increase in the percentage of methylated DNA, as reflected in
the 5-mC percent. Thus, PP2A suppression, either by chemical
inhibition of its activity or by siRNA-mediated knockdown,
mediates reduced DNA methylation through its effects on
DNMT1.

Chemical Inhibition of PP2A or siRNA-enabled Silencing
Reduces Expression of Methylation-sensitive Genes—Increased
DNA methylation within regulatory regions of methylation-
sensitive genes results in reduced gene expression, whereas
hypomethylation activates gene expression. Several genes
known to be involved in the pathogenesis of SLE are hypom-
ethylated and overexpressed (17, 18). Notable examples are
perforin, CDI11a (ITGAL), and CD70 (19, 20). We analyzed the
methylation patterns of CD70 and ITGAL, as both of these
genes have conserved CpG-rich regions (Fig. 44) (21, 22). Using
methylated DNA immunoprecipitation, we assessed the meth-
ylation patterns of CD70 and ITGAL in genomic DNA isolated
from 21 SLE patients and 11 healthy controls. The methylation
of CpG DNA at the CD70_ROI2 (where ROI is region of inter-
est) locus was negligible in both patients and controls. How-
ever, in the case of both CD70 ROI1 and ITGAL ROIl,
patients displayed less DNA methylation compared with
healthy controls, and this effect was more pronounced in
patients with active disease (SLE disease activity index > 8) (Fig.
4B). Thus, as reported previously, both CD70 and ITGAL are
hypomethylated in active SLE patients (19, 20). We also looked
at the effect of PP2A suppression on the methylation patterns of
the same regulatory regions in CD70 and ITGAL. As shown in
Fig. 4C, both OA treatment and siRNA-mediated knockdown
of PP2A resulted in significantly increased DNA methylation
across all of the tested regions. Thus, the enhanced expression
and activity of DNMT1 demonstrated above translate into
increased methylation of methylation-sensitive genes such as
CD70 and ITGAL.

lated MEK and ERK to the corresponding total protein was calculated for the
semiquantification of OA-treated (left panels) and PP2Ac siRNA-treated (right
panels) samples. The results represent the mean =+ S.E. of six independent
experiments. E, quantification of ERK phosphorylation by ELISA. The absorb-
ance values of samples were measured using a phospho-ERK and total ERK
ELISA system and converted to the concentration using a standard curve. The
ratio of phospho-ERK to total ERK is shown. Left panel, OA treatment; right
panel, PP2Ac siRNA transfection. The results represent the mean = S.E. of six
independent experiments.
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FIGURE 3. PP2Ac suppression promotes global DNA methylation. Each
DNA extract was incubated with 5-mC antibody, and ELISA was used to cal-
culate the percentage of 5-mC to total DNA in the case of both OA treatment
(left panel) and PP2Ac siRNA transfection (right panel). The results represent
the mean = S.E. of six independent experiments. lono, ionomycin; si, sSiRNA;
Cont, control.

Next, we determined the expression of CD70 and ITGAL to
confirm the downstream effect of enhanced methylation. As
expected, in cells treated with OA or transfected with PP2Ac-
directed siRNA, the mRNA expression of both CD70 (Fig. 4D,
left panel) and ITGAL (Fig. 4D, right panel) was significantly
lower compared with cells treated with vehicle control or
scrambled control siRNA. This suggests that the increased
DNMT1 expression and activity that we recorded contribute to
reduced expression of methylation-sensitive genes such as
CD70 and ITGAL. Conversely, in SLE patients, enhanced
expression of PP2Ac may contribute to hypomethylation of
DNA and increased expression of methylation-sensitive genes
involved in the pathogenesis of SLE. However, we would like to
note that DNMT1 has been known to suppress gene expression
via mechanisms independent of its catalytic activity (23), and
whether such mechanisms contribute to the effects we
observed in this study merits further investigation.
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Suppression of PP2A in SLE T-cells Enhances MEK/ERK Signal-
ing and Reduces Expression of Methylation-sensitive Genes—
All of the experiments described above were carried out in
T-cells from healthy controls. Thus, we aimed to extend our key
findings to T-cells isolated from SLE patients. To determine the
effect of PP2Ac suppression on SLE T-cells, we either treated
the cells with OA or transfected them with PP2Ac siRNA. Cells
were then stimulated with PMA and ionomycin, and the pro-
tein and RNA samples were prepared for various analyses. Sim-
ilar to healthy control T-cells, PP2A suppression enhanced
MEK/ERK signaling in SLE T-cells (Fig. 54). Moreover, cells
treated with OA or transfected with PP2A siRNA displayed
increased levels of DNMT1 mRNA (Fig. 5B) and consequently
lower expression of the methylation-sensitive gene CD70 (Fig.
5C). Thus, as in healthy control T-cells, suppression of PP2A in
SLE T-cells enhances MEK/ERK signaling and DNMT1
expression.

DISCUSSION

In this study, we have presented, for the first time, a link
between DNA hypomethylation (one of the hallmarks of SLE)
and the increased expression of PP2Ac seen in SLE patients. We
demonstrated that suppression of PP2Ac results in increased
MEK/ERK signaling. Furthermore, we showed that the sup-
pression of PP2Ac, through its effect on the MEK/ERK path-
ways, contributes to enhanced expression and activity of
DNMT1, which lead to an increase in the amount of methylated
DNA. Thus, we have demonstrated that PP2A may affect DNA
methylation in SLE T-cells through its effects on the MEK/ERK
pathway.

SLE is a multifactorial autoimmune disease characterized by
inflammatory damage to various organs (24). At the molecular
level, there are a number of immune irregularities that are the

VOLUME 288+NUMBER 30+JULY 26, 2013



PP2Ac Controls DNA Methylation via the MEK/ERK/DNMT1 Pathway

A
|Ecmo_Ron g g CD70_ROI2 ATG g
-839 -465

-251 +81

PP PP 2O P

L P ATG
1578/ TGAL_ROMS<

B p=0.004 p=0.001
140 Q=O.O3 2:0,01

|

=0.16 F=0.5
120
100
x =
O >
_'g g— 80
c
$%2 o0
@
20
£ 5 40
2
< 20 |J'| |J-|
0 th &L D I'LI
[ce] o) o
o <t A o < A o < A
o l= =| = vl = = = o |l= =z |=
sl < < 21| <l < s I< | <<
glolalo e2lal al o j= Nl Wall la)
2'm! w' m £'w!' o' w 2 'w 'o'm
6 J4 4J 4 s 4 I 4 e J4 4a 4
S m v 8 » o ®» S » » »
CD70-ROI 1 CD70-ROI 2 ITGAL
c 0.019 0.012
p=0. p=0. = =
120 — 5005 — 120, P 0.003 p=0.001
X o — X =
33100 — 33 100
£c £c p=0.13
c o 80 c o 80 —
S a QS a
B 60 BE 60
= >
£ G 40 £ G 40
=32 5 =22
0 b 0 L oy
OA - + - + - + si Cont PP2Ac Cont PP2Ac Cont PP2Ac
CD70-ROI1 CD70-ROI 2 ITGAL CD70-ROI'1 CD70-ROI 2 ITGAL
D c _ s
S o 1.2, p=0.004 p=0.026 5 L 12) p=0008 p=0015
g0 | — M @ Q 1
oL £
X g 0.8 E 2
<Z( E 0.6 Z 0
X0 04 xE
€ 5 S
o2 02 Q-
22 R
o] OA Si T 2 OA si
x - + ContPP2Ac - + ContPP2Ac
PMA+lono + + + + PMA+lono + + + +

FIGURE 4. Suppression of PP2Ac reduces expression of methylation-sensitive genes CD70 and ITGAL. A, CpG sites within the regulatory regions of CD70
and ITGAL are shown. RO, region of interest. B, DNA from T-cells of 21 SLE patients and 11 healthy individuals was subjected to methylated CpG DNA
immunoprecipitation. Methylated DNA was recovered, and the indicated regions were amplified by real-time PCR. Completely methylated (input, 100%) and
unmethylated human DNA samples were included as controls. Values are given as means = S.D. SLEDAI, SLE disease activity index. C, OA-treated (left panel) or
PP2Ac siRNA-treated (right panel) T-cells were stimulated with PMA/ionomycin for 8 h and subjected to methylated CpG DNA immunoprecipitation. Methy-
lated DNA was recovered, and the indicated regions were amplified by real-time PCR. Completely methylated (input, 100%) and unmethylated human DNA
samples wereincluded as controls. Values are given as means = S.D. of sixindependent experiments. si, siRNA; Cont, control. D, the transcript levels of CD70 and
ITGAL were measured and normalized to GAPDH by real-time PCR. Upon PMA and ionomycin (lono) stimulation, the expression level of CD70 in T-cells treated
with OA (left black bar) or transfected with PP2Ac siRNA (right black bar) was decreased compared with each corresponding control (white bars). The results
represent the mean = S.E. of six independent experiments.
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FIGURE 5. Suppression of PP2A in SLE T-cells enhances MEK/ERK signaling and reduces expression of methylation-sensitive genes. A, T-cells from three
SLE patients were treated with OA (left panel) or transfected with PP2Ac siRNA (right panel), followed by stimulation with PMA and ionomycin (lono), and the
lysates thus obtained were analyzed for ERK and MEK phosphorylation (p) via Western blotting. Total ERK and MEK protein levels and B-actin served as controls.
The blots represent one of three independent experiments. si, siRNA; Cont, control. Band C, RNA samples from the same experiment were used to analyze the
expression levels of DNMTT (B) and CD70 (C) using real-time PCR. The transcript levels were normalized to GAPDH.

basis of disease pathogenesis. One of the distinctive features of
SLE T-cells is their general state of DNA hypomethylation (25).
Numerous genes are hypomethylated, which results in
increased gene expression in immune cells from SLE patients.
These include cytokine genes such as IL6, IL4, IL10, and IL17A;
costimulatory molecules such as ITGAL and CD70; and proin-
flammatory genes such as IFNGR2 (interferon-gamma receptor
2) and MMP14 (matrix metalloproteinase 14), to name a few
(19, 20, 26 —28). Increased expression of these and other genes
contributes to the aberrant immune responses seen in SLE.
Environmental and host factors that affect the methylation sta-
tus of immune cells may thus play a role in the pathogenesis of
SLE. Indeed, in vitro and in vivo studies using DNA-demethy-
lating drugs, including hydralazine and procainamide, support
the role of DNA methylation in the pathophysiology of SLE (29,
30).

A number of studies have documented impaired MEK/ERK
signaling in SLE T-cells as one of the factors affecting the
expression of the major maintenance methyltransferase
DNMT1, thus affecting DNA methylation (13, 14). Further-
more, a defect in PKC§ in T-cells from SLE patients has been
shown to affect DNMT1 activation (31, 32). Here, we have dem-
onstrated that the levels of PP2A in T-cells can affect DNA
methylation through its effects on MEK/ERK signaling. PP2Ac
has been shown to be expressed at higher levels and to possess
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greater activity in SLE T-cells. However, to our knowledge,
there has been no report establishing the connection between
increased PP2Ac expression and reduced DNA methylation.

PP2A suppression using chemical inhibitors and siRNAs
consistently demonstrated that lower expression or activity of
PP2Ac enhances MEK/ERK signaling. Increased ERK signaling
results in increased DNMT1 expression and activity. Further-
more, PP2A suppression mediates increased global DNA meth-
ylation and subsequently reduced expression of methylation-
sensitive genes, including CD70 and ITGAL.

Extending our findings to T-cells from SLE patients, we doc-
umented that PP2A suppression leads to a similar pattern of
signaling modulation in SLE T-cells compared with healthy
donor T-cells. We propose that the higher expression of PP2A
seen in SLE patients inhibits MEK/ERK signaling, which in turn
inactivates DNMT1 and results in hypomethylation of genomic
DNA. The aberrant methylation pattern of genes such as CD70
and ITGAL contributes to their overexpression, adding to the
pathophysiology of SLE. Our findings are summarized in Fig. 6,
in which, in addition to outlining the known effects of PP2A, we
also propose a model for the link between PP2A and DNA
hypomethylation. We have previously reported that PP2Ac
itself is regulated through DNA methylation around a cAMP
response element-binding site located in the proximal pro-
moter (33), and therefore, PP2A may represent a potent accel-
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FIGURE 6. Model showing the effects of PP2A in SLE T-cells. In addition to
dephosphorylating and activating SP-1 (resulting in increased CREM activity)

an

d dephosphorylating EIf1 (resulting in decreased CD3{ transcription),

increased PP2A expression and activity dephosphorylate MEK, resulting in
decreased ERK phosphorylation and decreased DNMT1 activity and DNA
methylation. CREB, cCAMP response element-binding protein.

erator of DNA demethylation through a positive feedback
mechanism.
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