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Background: Altered methylation of PP2A, a major Tau phosphatase, occurs in Alzheimer disease.
Results: PP2A methylation regulates the association of PP2A with membrane rafts and plasma membrane-bound Tau levels.
Conclusion: Altered PP2A methylation inhibits targeting of PP2A and Tau to the plasma membrane.
Significance:Altered PP2A and Taumembrane distribution could promote neuronal dysfunction and phospho-Tau pathology
in Alzheimer disease.

Down-regulation of protein phosphatase 2A (PP2A)methyla-
tion occurs in Alzheimer disease (AD). However, the regulation
of PP2A methylation remains poorly understood. We have
reported that altered leucine carboxyl methyltransferase
(LCMT1)-dependent PP2A methylation is associated with
down-regulation of PP2A holoenzymes containing the B� sub-
unit (PP2A/B�) and subsequent accumulation of phosphory-
lated Tau in N2a cells, in vivo and in AD. Here, we show that
pools of LCMT1, methylated PP2A, and PP2A/B� are co-en-
riched in cholesterol-rich plasma membrane microdomains/
rafts purified fromN2a cells. In contrast, demethylated PP2A is
preferentially distributed in non-raftswherein small amounts of
the PP2A methylesterase PME-1 are exclusively present. A
methylation-incompetent PP2A mutant is excluded from rafts.
Enhanced methylation of PP2A promotes the association of
PP2A andTauwith the plasmamembrane. Altered PP2Ameth-
ylation following expression of a catalytically inactive LCMT1
mutant, knockdown of LCMT1, or alterations in one-carbon
metabolism all result in a loss of plasma membrane-associated
PP2AandTau inN2a cells. This correlateswith accumulation of
soluble phosphorylated Tau, a hallmark of AD and other
tauopathies. Thus, our findings reveal a distinct compartmen-
talization of PP2A and PP2A regulatory enzymes in plasma
membrane microdomains and identify a novel methylation-de-
pendent mechanism involved in modulating the targeting of
PP2A, and its substrate Tau, to the plasma membrane. We pro-
pose that alterations in the membrane localization of PP2A and
Tau following down-regulation of LCMT1 may lead to PP2A
and Tau dysfunction in AD.

Typically, membrane rafts are biochemically defined as
small, dynamic, heterogeneous cholesterol and sphingolipid-

enrichedmicrodomains (CEMs)2 that compartmentalize cellu-
lar processes (1, 2). Although the concept of membrane raft
remains controversial based on technicalities, there is compel-
ling evidence that membranemicrodomains can serve as major
signaling sorting platforms, allowing for selective compartmen-
talization, recruitment, and regulated interaction of key mem-
brane proteins (3, 4). Dynamic rearrangement of membrane
microdomains leading to localized protein clustering or disso-
ciation has been linked to generation of signal transduction
cascades in both normal and pathophysiological conditions (3,
4). Significantly, alterations in the composition of membrane
raft and non-raft microdomains are associated with AD patho-
genesis (5, 6). Both themicrotubule-associated protein Tau and
the amyloid precursor proteins, which play a central role in the
disease, can be recruited to membrane rafts (7). Notably, AD-
like phosphorylation of Tau at specific Ser/Thr residues can
prevent its targeting to the plasma membrane (8–11).
Although the exact role of neuronal membrane-associated Tau
remains to be elucidated, it is likely to serve as a scaffold for
signalingmolecules (12, 13) so that alteredmembrane distribu-
tion of AD-Tau may underlie Tau dysfunction (14).
Significantly, Tau interacts with and is a major substrate of

the Ser/Thr protein phosphatase 2A PP2A/B� holoenzyme, a
heterotrimer containing the catalytic C (PPP2CA), scaffolding
A (PPP2A1A), and regulatory B� (PPP2R2A) subunits (15–19).
Notably, methylation of PP2A catalytic C subunit on the Leu-
309 residue by leucine carboxyl methyltransferase 1 (LCMT1)
promotes the biogenesis and stabilization of PP2A/B� enzymes
(20). We have shown that decreased LCMT1 activity and/or
expression levels correlate with down-regulation of PP2A
methylation and PP2A/B� expression levels and with concom-
itant accumulation of phospho-Tau in AD-affected brain
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regions (21), in cultured N2a neuroblastoma cells and in vivo
(22, 23). Conversely, PP2A C subunit is demethylated by the
methylesterase PME-1. However, the precise regulation and
function of LCMT1, PME-1, and PP2Amethylation/demethyl-
ation processes are not completely elucidated. Current models
suggest an important role of PME-1 in binding to inactive PP2A
and preventing its untimelymethylation (20, 24). One study has
shown that PME-1 and demethylated C are enriched in the
nucleus, whereas LCMT1 is abundant in the cytosol of fibro-
blasts, suggesting a spatial regulation of PP2A methylation/
demethylation processes (25). It is likely that the compartmen-
talization, sequestration, and/or signal-mediated translocation
of PP2A to specific subcellular domains contribute tomodulate
isoform-specific PP2A enzyme-substrate interactions. For
instance, binding of neuronal PP2A/B� to microtubules inhib-
its its catalytic activity toward Tau (26, 27); in fibroblasts, a pool
of PP2A/B� is enriched in CEMs, where it plays a critical role in
regulating ERK signaling (28). Despite the major collective role
of PP2A enzymes in signaling, much remains to be learned
about their spatial regulation in most cells.
Here, we provide evidence that PP2A/B�, methylated PP2A,

and LCMT1 are co-enriched in CEMs/rafts purified from N2a
neuroblastoma cells. We show that LCMT1-dependent PP2A
methylation critically modulates the targeting of both PP2A
and Tau to the plasma membrane. Our findings suggest that
altered PP2A methylation in AD could lead to a significant
redistribution of both Tau and PP2A from the plasma mem-
brane to the cytosol, thereby altering the putative functions of
PP2A and Tau at the neuronal plasma membrane while pro-
moting the accumulation of cytosolic hyperphosphorylated
Tau.

EXPERIMENTAL PROCEDURES

Materials and Reagents—Unless indicated, all chemicals and
drugs were from Sigma.
Cell Culture and Transfection—Control Neuro-2a (N2a,

American Type Culture Collection) and stable cell lines were
maintained in DMEM (Invitrogen) containing 2.5 mM Hepes,
pH 7.4, 10% fetal bovine serum (FBS, HyClone), and 10 �g/ml
gentamycin (Invitrogen). N2a cells stably expressing SV40
small tumor antigen (St), Myc-tagged PME-1 and hemaggluti-
nin (HA)-tagged LCMT1, B�, wild-type C, or the methyl site
L309� C subunit mutant have been characterized in previous
studies (22, 23, 29, 30). Cells stably expressing the R71� cata-
lytically inactive mutant of LCMT were generated as follows.
The mutant plasmid was generated using the TransformerTM
site-directed mutagenesis kit (Clontech) and pBabeHygro
encoding HA-tagged wild-type LCMT1 (22) as template. Plas-
mids were verified by sequencing. Cells were transfected using
Metafectene Pro reagent following the manufacturer’s instruc-
tions (Biontex Laboratories, Munich, Germany); stable clones
were generated after selection with 200 �g/ml hygromycin
(Roche Applied Science). The expression levels of transfected
proteins were constantly monitored by both immunoblotting
and immunofluorescence. Cells mock-transfected with empty
vectors were used as “controls” and behaved like nontrans-
fected cells in our experiments. Knockdown of endogenous
LCMT1 in N2a cells was performed exactly as described previ-

ously, using transient transfection with small interfering RNA
(siRNA) specifically targeted to mouse LCMT1; cells trans-
fected with mismatch siRNA were used as controls in these
experiments (23).
Cell Treatment—Unless otherwise indicated, experiments

were performed in 80% confluent cells cultured in regular cell
culture medium. For drug treatment, cells were first starved
overnight in DMEM containing 1% dialyzed FBS (HyClone)
and then incubated in the same medium with the indicated
concentrations of drug. To assess the regulatory role of choles-
terol, cells were incubated at 37 °C for 15 min in serum-free
medium with 1% methyl-�-cyclodextrin (M�CD) premixed or
not with 100 �g/ml cholesterol (a gift from Dr. Joseph Gold-
stein, UT Southwestern, Dallas, TX) (28) prior to being har-
vested for fractionation.
Cell Lysis and Fractionation—To assess protein expression

levels, total cell homogenates were prepared in buffer 1 (25 mM

Tris, pH 7.4, 150 mMNaCl, 2 mM EDTA, 25 M sodium fluoride,
1mM sodium orthovanadate, 2mM dithiothreitol, 1�M okadaic
acid (OA), 5 mM PMSF, and 1% Nonidet P-40), containing a
mixture of protease inhibitors (RocheApplied Science) (Sontag
et al. (22)). For purification of membrane-associated proteins,
cells were washed in PBS and incubated for 5 min at room
temperature in buffer S (0.25 M sucrose, 1 mM imidazole, 5 mM

MgCl2). Themediumwas aspirated, and cells were harvested in
buffer S containing 1 �M OA, 1 mM DTT, and a mixture of
cOmpleteTM protease inhibitors (Roche Applied Science),
incubated on ice for 15 min, and then homogenized with a
Dounce. Cells were centrifuged at 800 � g at 4 °C to pellet
nuclei, after which the supernatant was centrifuged at 4 °C for
45min at 100,000� g in a BeckmanTL-100.3 rotor. The super-
natant (cytosol) was collected, and the remaining pellet (mem-
brane fraction) was resuspended in buffer 1 and sonicated. Pel-
leted nuclear and membrane fractions were washed and
recentrifuged prior to analysis by Western blot. Antibodies to
nuclear and plasma membrane markers were systematically
utilized to verify the purity of the fractions.
Purification of Cholesterol-enrichedPlasmaMembraneMicro-

domains—Published detergent-free procedures were utilized
to purify low buoyancy CEMs (28, 31). Briefly, cells (6 �
100-mm dishes per condition) were collected in ice-cold PBS
and centrifuged for 5 min at 800 � g. The pellet was homoge-
nized in a buffer (0.25 M sucrose, 1 mM EDTA, 20 mM Tris pH
7.8) containing 1 mM DTT and cOmpleteTM protease and
PhosSTOPphosphatase inhibitor cocktails (RocheApplied Sci-
ence). Aliquots of total cell homogenates were kept for future
analysis. Homogenates were centrifuged for 5 min at 1,000 � g
to pellet nuclei. The postnuclear supernatant was loaded onto a
30%Percoll gradient and centrifuged for 30min at 84,000� g in
a BeckmanTM TI60 ultracentrifuge to separate the plasma
membrane from the cytosol and other membrane fractions. A
thin layer of white particles corresponding to the purified total
plasma membrane fraction (�2 ml) was collected. After soni-
cation, the material was resuspended in a 50% OptiPrepTM
solution to give a final 23% OptiPrepTM solution that was
loaded on the bottom of a 20–10% OptiPrepTM gradient mix
and centrifuged for 90 min at 52,000 � g. The whole gradient
was collected in 15 aliquots of 730 �l per each aliquot. The
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activity of alkaline phosphatase was systematically measured in
20-�l aliquots from each fraction, using the colorimetric alka-
line phosphatase substrate kit (Bio-Rad). Dephosphorylation of
p-nitrophenyl phosphate by alkaline phosphatase was deter-
mined by measuring absorbance at 405 nm. The protein con-
centrationwas determined in aliquots of total cell homogenates
and in thepurifiedmembrane fractionsusing theBradfordprotein
assay kit (Bio-Rad). The lighter cholesterol-enriched buoyant
material corresponding to membrane rafts was defined by its
enrichmentof flotillin-1 andalkalinephosphatase and the absence
of transferrin receptor (TfR). Identified raft (R, typically fractions
1–7) and non-raft (NR, typically fractions 9–15) fractions were
pooled together andanalyzedbySDS-PAGEandWesternblotting
after trichloroacetic acid/acetone protein precipitation.
Gel Electrophoresis and Western Blotting—Protein samples

were resolved either by SDS-PAGE on 12% gradient SDS-poly-
acrylamide gels (AmershamBiosciences) for diluted samples or
NuPAGE on 4–12% Bis-Tris gels (Invitrogen) followed by
Western blotting and densitometry to quantitate changes in
protein expression levels (22, 23). Data were analyzed using the
Student’s t test. Differences with p � 0.05 were considered sta-
tistically significant. Monoclonal methylation- and demethyla-
tion-specific (Millipore) and methylation-independent (BD
Biosciences) anti-C antibodies were utilized to quantify PP2A
methylation levels by Western blotting and densitometry
exactly as reported earlier (21–23). In some experiments,
equivalent aliquots (5 �l) of cell fractions were incubated for 30
min at 37 °C in the absence or presence of 0.2 N sodiumhydrox-
ide. This alkaline treatment results in complete demethylation
of PP2A at Leu-309, allowing for detection of total C expression
levels with anti-demethyl C antibodies and precise quantifica-
tion of demethylated PP2A levels (21, 32). Other antibodies
included: rabbit anti-Tau (rPeptide, Bogart, GA); mouse anti-
Tau-1 (Millipore); rabbit anti-Tau (phospho-Ser-422) (Invitro-
gen); mouse anti-B� 2G9 (Millipore); mouse anti-HA 16B12
(Covance Research Products); mouse anti-LCMTand rabbit anti-
Gs� (Millipore); rabbit anti-PME-1 (22);mouseanti-flotillin-1 (BD
Transduction Laboratories); rabbit anti-LSD1 (Cell Signaling);
mouse anti-TfR (Invitrogen); and rabbit anti-Na�/K� ATPase
(Abcam). Mouse anti-actin antibodies (Sigma) were utilized to
normalize for protein loading.

RESULTS

PP2A/B� Enzymes Are Preferentially Enriched in Membrane
Rafts from N2a Cells—We have previously utilized detergent-
free methods to demonstrate that PP2A/B� is present in CEMs
from fibroblasts (28). Similar procedures were carried out to
isolate CEMs fromN2a neuroblastoma cells and investigate the
potential presence of PP2A/B� and its regulatory enzymes.
First, the plasmamembrane fromN2a cells was fractionated on
an OptiPrepTM gradient, and aliquots of collected fractions
were probed for the presence of flotillin-1, a glycosylphosphati-
dylinositol-linked protein that is an established raftmarker, and
TfR, a non-raft plasma membrane marker (Fig. 1A). Collected
fractions were also analyzed for glycosylphosphatidylinositol-
anchored alkaline phosphatase activity (Fig. 1B). Characterized
raft fractions (defined by their enrichment in flotillin-1 and
alkaline phosphatase activity) and TfR-positive non-raft frac-

tions were separately pooled together and further analyzed by
gel electrophoresis and immunoblotting. As expected, flotil-
lin-1 was found to be enriched in, whereas TfR was excluded
from purified N2a cell membrane rafts (Fig. 1C), in agreement
with previous studies using similar protocols in human neuro-
blastoma cells (33). In addition to flotillin-1, the G-protein Gs�
subunit was also concentrated in the raft fractions, as previ-
ously reported in N2a cells (34). The scaffolding A and catalytic
C subunits that are common to all PP2A heterotrimers were
equally present in both raft and non-raft fractions. In contrast,
the PP2A regulatory B� subunit wasmore concentrated in rafts
(Fig. 1, C and D), an indication that PP2A/B� holoenzymes are

FIGURE 1. Endogenous PP2A/B� holoenzymes are enriched in raft mem-
brane microdomains from N2a cells. Raft (R) and non-raft (NR) plasma
membrane fractions were purified from N2a cells after centrifugation on
OptiPrepTM gradients as described under ”Experimental Procedures.“ A,
Western blot analysis of the distribution of flotillin-1, a raft marker, and TfR, a
non-raft marker, in collected fractions normalized for protein content. B, rel-
ative activity of alkaline phosphatase (ALP), a glycosylphosphatidylinositol-
anchored protein, in each collected fraction from the same purification
shown in A. Data are shown as arbitrary units (measured absorbance cor-
rected for protein concentration). C, equivalent aliquots of proteins (�15 �g)
from pooled raft and non-raft fractions were analyzed for the distribution of
PP2A A, B�, and C subunits. Note the preferential enrichment of flotillin-1 and
the heterotrimeric G-protein Gs� subunit (G�s) in purified rafts, which are free
of TfR. In A–C, representative data are shown. Similar results were obtained in
five separate experiments. D, comparative distribution of PP2A subunit levels
in purified R (black bars) and NR (gray bars) fractions (n � 5; *, p � 0.001,
mean � S.D., R versus NR). E, representative distribution of PP2A-C subunit
and flotillin-1 in aliquots (15 �g) of raft fractions purified from N2a cells that
were incubated for 15 min in serum-deficient medium in the absence (Con-
trol) or presence of the cholesterol depletion agent M�CD, or M�CD pre-
mixed with cholesterol (M�CD � Chol). Similar results were obtained in three
separate experiments.
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specifically enriched in CEMs from N2a cells, as previously
observed in fibroblasts (28). Next, we assessed the effect of cho-
lesterol depletion in N2a cells. Treatment of N2a cells for 15
min with the cholesterol-adsorbing resin, M�CD, induced the
loss of flotillin-1 and PP2A from membrane rafts (Fig. 1E), as
reported earlier in fibroblasts (28). Notably, this effectwas abol-
ished when cells were incubated with M�CD that had been
premixed with cholesterol, indicating that the localization of
PP2A in raft was cholesterol-dependent.
LCMT1 and Methylated PP2A Are Concentrated in Rafts,

whereas Demethylated PP2A and Small Amounts of PME-1
Are Preferentially Distributed in Non-raft Membrane Micro-
domains—As observed with B�, a highest proportion of
methylated PP2A C subunit and LCMT1 was present in
membrane rafts, relative to non-rafts (Fig. 2, A and B), sup-
porting the hypothesis that LCMT1-dependent PP2A meth-
ylation promotes stabilization of PP2A/B� in CEMs. In con-
trast, very small amounts of PME-1 were solely detected in
non-rafts. Demethylated PP2A was proportionally more
abundant in non-raft than in raft plasmamembrane domains

(Fig. 2C). Furthermore, quantitative analyses show that dem-
ethylated enzymes represented only a small fraction of total
PP2A enzymes present in both raft and non-raft compart-
ments. (Fig. 2D). Thus, our data indicate for the first time
that methylated and demethylated PP2A, as well as LCMT1
and PME-1, are spatially and quantitatively segregated in
distinct plasma membrane microdomains.
TheMethylation-incompetent L309�Mutant of PP2ACSub-

unit Is Excluded fromMembrane Rafts—Togain further under-
standing of the regulation of PP2A targeting to the plasma
membrane, we purified raft and non-raft fractions from well
characterizedN2a cell lines stably expressing either HA-tagged
PP2A wild-type C subunit (N2a-Wt C) that is methylation-
competent and can bind to B� or the methylation site L309� C
subunit mutant (N2a-L309�) that is methylation-incompetent
and unable to associate with B� (29, 30). As observed with
endogenous C, plasma membrane-bound pools of expressed
wild-type C were roughly equally distributed between rafts and
non-rafts (Fig. 3, A and B). On the other hand, the L309�
mutant was essentially absent from CEMs, and only small
amounts of the mutant could be detected in non-raft mem-
brane fractions.We have previously shown that ectopic expres-

FIGURE 2. Differential distribution of LCMT1, PME-1, and methylated and
demethylated PP2A enzymes in N2a cell membrane microdomains. A,
equivalent aliquots of proteins (�15 �g) from pooled R and NR plasma mem-
brane fractions purified from N2a cells were analyzed by SDS-PAGE followed
by Western blotting for the presence of LCMT1, PME-1, and methylated PP2A
C subunit (Methyl C). B, note the preferential enrichment of LCMT1 and meth-
ylated PP2A in R (black bars) versus NR (gray bars) fractions (n � 4, mean � S.D.;
*, p � 0.001, R versus NR). The levels of PME-1 were too low to be quantified. C,
the distribution of demethylated PP2A was assessed with a specific monoclo-
nal anti-demethyl C antibody in the same purified R and NR fractions. Parallel
treatment of duplicate aliquots of R and NR fractions with sodium hydroxide
(� NaOH) induces complete demethylation of PP2A, thereby allowing for
detection of total C subunit levels with the same antibody. Note that NaOH
treatment does not affect the distribution of total C in R and NR fractions, as
detected by a methylation-insensitive antibody. D, quantification of the total
percentage of PP2A in a demethylated form in R and NR fractions (n � 4,
mean � S.D.; *, p � 0.001, R versus NR). Note the preferential concentration of
demethylated C enzymes in NR fractions.

FIGURE 3. Expression of the methylation site L309� C subunit mutant
affects the association of PP2A with the plasma membrane. Control and
stable N2a cell lines expressing HA-tagged wild-type C (N2a-Wt C) or the
L309� mutant of PP2A C subunit (N2a-L309�) were analyzed by Western
blotting after subcellular fractionation. A, top panel, analysis of total homoge-
nates (�30 �g of proteins each) with anti-C antibody shows similar expres-
sion levels of ectopic proteins in N2a-Wt C and N2a-L309� cells. Lower panel,
immunoblot analysis with anti-HA antibody of R and NR membrane fractions
(�20 �g of proteins each) purified from the same cells reveals that the L309�
mutant is essentially excluded from rafts and present at low levels in non-
rafts. B, quantitative analyses show that in contrast to the HA-tagged L309�
mutant, the distribution of HA-tagged Wt C subunit in rafts is similar to that of
endogenous C (Endo. C) (n � 4, mean � S.D.; *, p � 0.001, relative to endog-
enous C). C, quantitative analyses show that relative to control cells, total raft-
(black bars) and non-raft (gray bars)-associated PP2A C levels are increased in
N2a-Wt C cells; in contrast, there is a significant loss of R- and NR-bound PP2A
C subunit in N2a-L309� cells (n � 4, mean � S.D.; *, p � 0.001, relative to
controls). D, representative blot from three separate experiments showing
the nuclear enrichment of demethylated C and PME-1 in N2a-L309� cells
relative to N2a-Wt C cells. LSD-1, nuclear marker.
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sion of the C subunit in N2a cells only induces an �30%
increase in total C levels, due to autoregulation of C levels and
replacement of a portion of endogenous C by expressed C
subunits (22). Accordingly, total C subunit amounts were
increased by a similar magnitude in both raft and non-raft frac-
tions in N2a-Wt C cells, relative to controls (Fig. 3C). In con-
trast, there was a dramatic decrease in total membrane-associ-
ated C subunit levels in N2a-L309� cells when compared with
N2a and N2a-Wt C cells. We have previously reported that,
relative to controls, expression of the L309�mutant induces an
�35–45% reduction ofmethylated C and B� subunit levels and
concomitant accumulation of demethylated C inN2a cells (22).
The net loss of membrane-associated PP2A inN2a-L309� cells
could result from either inhibition of PP2A targeting to the
membrane in the first place or fallout of PP2A from the plasma
membrane and subsequent redistribution of the enzyme to
other subcellular compartments. We observed that demethyl-
ated C and PME-1 levels were abundant in the cytosol (data not
shown) and increased in nuclear fractions purified from N2a-
L309�, relative to N2a-Wt C cells (Fig. 3D). These findings are
in line with a previous study in Cos-7 and HeLa cells showing
that both demethylated C and PME-1 are present in the cyto-
plasm and concentrated in the nucleus (25), likely as a result of
complex formation between PME-1 and demethylated C (35).
LCMT1-dependentMethylation Affects the Amounts of PP2A

Associated with the PlasmaMembrane—To test the hypothesis
that LCMT1-dependent methylation can direct PP2A to the
plasma membrane, we first compared PP2A behavior in N2a

cells expressing either wild-type LCMT1 (N2a-LCMT1) or an
LCMT1 mutant (N2a-LCMT1mut) bearing an R71� point
mutation (Fig. 4A) that has previously been shown to interfere
with its PP2A methyltransferase activity (36). Expectedly, the
overall methylation state of endogenous PP2Awas significantly
reduced in total homogenates from N2a-LCMT1mut cells, rel-
ative to N2a and N2a-LCMT1 cells (Fig. 4B). This correlated
with a dramatic reduction inmembrane-bound total andmeth-
ylated C subunit levels (Fig. 4, C–E). Conversely, expression of
LCMT1 in N2a cells, which increases endogenous methylated
PP2A levels by�30% relative to controls (22), correlated with a
net increase of membrane-associated total and methylated
PP2A C levels (Fig. 4, D and E). These findings support a close
interrelationship between LCMT1-mediated methylation and
membrane association of PP2A. To further establish the role of
LCMT1 in PP2A membrane targeting, we next assessed the
effects of down-regulating LCMT1 expression. We have previ-
ously reported that specific knockdown of LCMT1 in N2a cells
using siRNA targeted to LCMT1 induces a significant loss in
endogenous methylated PP2A C levels, relative to N2a cells or
N2a cells transfected with siRNA mismatch controls (23).
Experimental conditions were chosen here to only partially
down-regulate LCMT1 expression to avoid potential N2a cell
death associated with persistent and marked LCMT1 RNA
silencing (23). An �42–50% reduction in cytosolic and mem-
brane-associated LCMT1 levels was achieved following tran-
sient transfection of N2a cells with an siRNA targeted to
LCMT1 (Fig. 4F). As observed with the methyltransferase-in-

FIGURE 4. Expression of the catalytically inactive LCMT1 mutant or knockdown of LCMT1 induces a loss of membrane-associated pools of PP2A. A,
control N2a cells or N2a cells expressing wild-type LCMT1 (N2a-LCMT1) or the R71� LCMT1 mutant (N2a-LCMT1mut) were analyzed by Western blotting using
anti-HA antibody to detect transfected proteins. B, comparative levels of methylated PP2A C subunit in total homogenates from control N2a, N2a-LCMT1, and
N2a-LCMTmut cell lines (n � 4, mean � S.D.; *, p � 0.001, relative to controls). C–E, representative blot (C) and quantitative analyses showing the expression
levels of total (D) and methylated (E) PP2A C subunit in plasma membrane fractions purified from control N2a, N2a-LCMT1, and N2a-LCMTmut cell lines (n � 4;
mean � S.D.; *, p � 0.001, relative to controls). F, purified membrane fractions from N2a cells transfected with an siRNA targeted to LCMT1 (N2a-siLCMT1) or a
mismatch siRNA control (N2a-siControl) were analyzed for LCMT1 and total C expression levels. Total cell extracts were analyzed in parallel to verify the efficacy
of LCMT1 knockdown. In A, B, and F, actin blots are shown as controls.
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competent LCMT1 mutant, partial down-regulation of endog-
enous LCMT1 levelswas also associatedwith an�42� 5% (p�
0.001, relative to controls) reduction in total membrane-asso-
ciated PP2A C levels (Fig. 4F). Altogether, these data suggest
that LCMT1-mediated PP2A methylation critically influences
the amounts of PP2A present at the plasma membrane.
Intact PP2AMethylation Is Required for the Targeting of Tau

to the Plasma Membrane—Interestingly, Tau proteins that
preferentially bind to and serve as substrate for PP2A/B� (15–
19) can also be targeted to the neuronal plasma membrane (37,
38) in a phosphorylation-dependent manner (8–11). A regula-
tory role for PP2A in this process has been proposed, based on
the observation that incubation of cells with OA, a PP2A inhib-
itor, results in cytosolic Tau phosphorylation and loss of total
plasma membrane-associated transfected human Tau (9, 11).
We found similar effects ofOAon endogenous Tau inN2a cells
(data not shown). Interestingly, OA treatment can also induce
the specific accumulation of demethylated PP2A in epithelial
MCF7 cells (39). Likewise, we found that incubation of N2a
cells with OA caused an increase in endogenous demethylated
C levels (Fig. 5A). Furthermore, incubation of N2a cells with
this toxin resulted in an overall decrease of membrane-bound

PP2A levels and a near complete loss of raft- and non-raft-
associated methyl C and PP2A/B�. These data indicate that, by
interfering with PP2A activity and/or methylation, OA can
induce a net loss of both Tau and PP2A from the plasma mem-
brane. However, a drawback of these experiments is that, at the
concentrations typically used in cultured cells, OA potently
inhibits all of the numerous enzymes that belong to the PP2A
family, as well as other identified Ser/Thr phosphatases. This
nonselectivity underlies widespread cellular effects that con-
found data interpretation and can even lead ultimately to cyto-
skeletal disruption and cytotoxicity (40). Of note, OA did not
induce N2a cell toxicity under the experimental conditions
used here (22). However, due to the inherent flaws of usingOA,
we investigated whether more specific manipulation of PP2A
activity and/or PP2A methylation-dependent mechanisms can
affect themembrane localization of Tau. First, we observed that
total amounts of membrane-bound Tau were increased in
N2a-Wt C relative to control N2a cells (Fig. 5B). As previously
reported in neuroblastoma cells (8), rat PC12 cells (9), and pri-
mary neurons (11), membrane-associated Tau was primarily
dephosphorylated at the Tau-1 epitope (Ser-199/Thr-202) in
N2a and N2a-Wt C cells. We have previously reported that
overexpression of PP2A C induces an overall dephosphory-
lation of Tau at many epitopes in N2a cell homogenates (22).
Thus, the accumulation of dephosphorylatedTau in the plasma
membrane of N2a-Wt C cells is consistent with the hypothesis
that PP2A-dependent Tau dephosphorylation promotes its
membrane targeting. On the other hand, relative to controls, a
significant decrease in membrane-associated Tau pools was
observed following expression of SV40 St (Fig. 5C), which, in
contrast to OA, specifically targets PP2A. We have reported
that the viral St protein markedly inhibits PP2A/B� activity,
resulting in Tau hyperphosphorylation (15). The association of
Tau with the plasma membrane was also hampered in N2a-
L309� cells. We have shown that similarly to SV40 St, expres-
sion of the methylation-incompetent L309� C subunit mutant
enhances phosphorylation of cytosolic Tau at many AD-like
phospho-epitopes, including the PHF-1 (phospho-Ser-396/
404) and phospho-Ser-422 epitopes (22). Altogether, these data
indicate that both PP2A activity and PP2A methylation influ-
ence the membrane distribution of Tau.
Because the phosphorylation of Tau and its association with

rafts increase in response to amyloid-� treatment of human
SH-SY5Y cells (33), we also intended to assess whether dereg-
ulation of PP2A could lead to changes in raft-associated Tau
expression levels and/or phosphorylation. However, we were
unable to reliably quantitatively compare Tau status in purified
raft domains prepared from the relevant N2a cell lines due to
the following technical limitations. Firstly, the bulk of endoge-
nous Tau present at the plasma membrane in neuroblastoma
cells and primary cortical neurons is present in non-raft
domains, with only very small amounts detectable in rafts (33,
41). Accordingly, we found low levels of endogenous raft-asso-
ciated Tau in N2a cells (Fig. 5D). Secondly, down-regulation of
PP2A activity and/or methylation induces a massive loss of
overall amounts of membrane-bound Tau. Thirdly, there are
limitations associated with membrane raft preparations that
constrain the amount of starting material that can be unfail-

FIGURE 5. PP2A critically regulates the translocation of Tau to the plasma
membrane. A, Western blot analysis of total homogenates and R and NR
membrane fractions (15 �g of proteins) prepared from N2a cells treated for
1 h with 100 nM okadaic acid (� OA) or vehicle (� OA). B, comparative distri-
bution of total Tau and Tau dephosphorylated at the Tau-1 epitope (Ser-199 –
Thr-202) in N2a and N2a-Wt C cells. Na�/K� ATPase, plasma membrane
marker. C, comparative distribution of endogenous Tau in total homogenates
and plasma membrane fractions prepared from control N2a, N2a-Wt C, N2a-
L309�, or N2a cells expressing SV40 small tumor antigen (N2a-St). D, Western
blot analysis of endogenous Tau in R and NR membrane fractions (30 �g of
each protein) purified from N2a cells. In A–D, representative blots are shown.
Similar results were obtained in three separate experiments.
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ingly fractionatedwithout contamination fromnon-raft plasma
proteins (33).
LCMT1 Critically Regulates the Targeting of Tau to the

PlasmaMembrane—In support for a role of PP2Amethylation
in regulating the membrane association of Tau, expression of
LCMT1, which promotes Tau dephosphorylation in N2a cells
(23, 29), increased the amounts of total Tau present at the
plasma membrane (Fig. 6A). As expected, this was closely
related to an increase in membrane-bound dephosphorylated
Tau (Tau-1) pools. In contrast to its wild-type counterpart,
expression of the inactive LCMT1 mutant inhibited the accu-
mulation of dephosphorylated and total Tau at the plasma
membrane, whereas concomitantly enhancing Tau phosphor-
ylation at the Ser-422 phospho-epitope (Fig. 6B). Likewise, we
found that partial knockdown of LCMT1 in N2a cells (Fig. 4F)
was associated with a 42–45% decrease in total amounts of
membrane-associated Tau pools relative to controls. It also
increasedTauphosphorylation at the Ser-422 phospho-epitope
(data not shown), as reported in our earlier study (23). Thus,
our data strongly support the hypothesis that LCMT1-depen-
dent PP2A methylation critically modulates the interaction of
Tau with the plasma membrane in N2a cells.
Alterations in One-carbonMetabolism Promote the Concom-

itant Loss of Membrane-associated PP2A and Tau—We have
previously reported that LCMT1-dependent PP2A methyla-
tionmodulates Tau phosphorylation inN2a cells and in vivo, by
promoting an increase in PP2A/B� expression levels (22, 23).
Significantly, like all other cellular methyltransferases, the
activity of LCMT1 is dependent on the availability of the uni-
versal methyl donor S-adenosylmethionine, a critical interme-
diate of one-carbonmetabolism (42).Wehave shown that incu-
bation of N2a cells with S-adenosylmethionine increases PP2A
methylation andTaudephosphorylation; conversely, decreased
S-adenosylmethionine levels correlate with down-regulation of
LCMT1-mediated PP2Amethylation and enhanced phosphor-
ylation of Tau at many AD-like phospho-epitopes, including

PHF-1 and phospho-Ser-422 (22). Here, we assessed whether
alterations in one-carbon metabolism can more specifically
affect themembrane association of PP2A and Tau. To that end,
N2a cells were incubated with either cycloleucine or adenosine
dialdehyde, which are both known to interfere withmethionine
metabolism and lead to a decrease in S-adenosylmethionine
levels, albeit by distinct mechanisms (43, 44). Treatment with
these compounds resulted in a marked reduction of membrane
pools of Tau and total and methylated PP2A levels (Fig. 7A).
This was associated with concomitant cytosolic accumulation
of Tau phosphorylated at the Ser-422 epitope (Fig. 7B). Thus,
our results unveil newmechanisms bywhich alterations in one-
carbon metabolism can affect the plasma membrane distribu-
tion of PP2A and Tau, and thereby influence PP2A-dependent
Tau phosphorylation state.

DISCUSSION

The Ser/Thr PP2A family regroups a family of dozens of
enzymes (45). The selective compartmentalization of PP2A iso-
forms, PP2A regulatory proteins, and PP2A substrates likely
contributes to ensure PP2A substrate specificity. Here, we
report for the first time that PP2A/B�, methylated and de-
methylated PP2A enzymes, as well as the PP2A regulators
LCMT1 and PME-1 are differentially distributed in discrete
plasma membrane microdomains from N2a cells. Previously
validated detergent-free methods were utilized here to isolate
CEMs from N2a cells. This choice was based on the following
observations. 1) In N2a cells, both detergent-free and classical
detergent-based procedures led to the purification of low buoy-
ant density fractions enriched in cholesterol and glycosylphos-
phatidylinositol-anchored proteins (46, 47); 2) concerns have
been raised that detergent-based proceduresmay be generating
protein redistribution artifacts and clusters of raft lipids that do
not exist in intact cells (3, 47); and 3) although we were able to
detect PP2A subunits in detergent-extracted N2a cell rafts, we
have observed that when compared with detergent-free proce-
dures, detergent-based methods induce a significant loss of
PP2A B� subunits in CEMs (data not shown). This is likely due
to the fact that regulatory B subunits, which modulate PP2A
intracellular signaling, often become dissociated from the core

FIGURE 6. Altered LCMT1 activity affects the plasma membrane distribution
of Tau. A, equivalent amounts of proteins (30 �g) from plasma membrane frac-
tions purified from control N2a, N2a-LCMT1, and N2a-LCMTmut cells were ana-
lyzed for the presence of Tau dephosphorylated at the Tau-1 epitope and total
Tau (n � 4; mean � S.D.; *, p � 0.001, relative to controls). B, total homogenates
from the same cells were analyzed for Tau dephosphorylated at the Tau-1
epitope or Tau phosphorylated (P-Tau) at the Ser-422 epitope. pSer422, phospho-
Ser-422. In A and B, actin blots are shown as controls.

FIGURE 7. Alterations in one-carbon metabolism affect the distribution of
endogenous PP2A and Tau at the plasma membrane. A, Western blot anal-
ysis of plasma membrane fractions (30 �g of proteins) purified from N2a cells
incubated for 2 h with 50 �M adenosine dialdehyde (AdOx), 10 mM cycloleu-
cine (CL), or vehicle alone (Control) in normal RPMI medium containing 1%
dialyzed serum. B, the loss of LCMT1, methylated C, and Tau dephosphory-
lated at the Tau-1 epitope in the plasma membrane was associated with an
increase of Tau phosphorylated at Ser-422 in cytosolic fractions purified from
the same cells. pSer422, phospho-Ser-422. In A and B, representative blots
from three separate experiments are shown.
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enzyme when cells are lysed with harsh detergents (48). We
found that flotillin-1, but not TfR, was enriched in low buoyant
density CEM fractions, and thereby defined those asmembrane
rafts. Using detergent-free procedures, we first show that PP2A
A, B�, and C subunits are present in membrane rafts from N2a
cells. These findings are consistent with earlier studies report-
ing the presence of PP2A subunits in CEMs purified from non-
neuronal cell types (28, 49) and in detergent-resistant mem-
branes isolated from normal mouse cortical tissue (5). Besides
B� subunits, other regulatory B subunits not studied here may
also be present in rafts. Short incubation of N2a cells with low
concentrations of M�CD that selectively disrupt raft choles-
terol (50, 51) decreased the amount of endogenous PP2A recov-
ered in CEMs from N2a cells, as observed previously in fibro-
blasts (28) and smooth muscle cells (49).
It has been reported that PME-1 and demethylated PP2A are

preferentially enriched in the nucleus, whereas LCMT1 is pri-
marily cytoplasmic in HeLa cells (30). Likewise, we observed
that these enzymes were distributed in the cytosol and nucleus
of N2a cells. However, we show for the first time that pools of
LCMT1, methylated C, and PP2A/B� are present in non-rafts
and concentrated in membrane rafts from N2a cells. The sim-
ilar co-enrichment of these enzymes within the same plasma
membrane microdomains is in line with earlier findings indi-
cating that LCMT1 directly interacts with and methylates the
demethylated AC core enzyme of PP2A, a process that favors
assembly and stabilization of methylated PP2A/B� holoen-
zymes (52). Conversely, demethylated C was proportionally
more concentrated in non-rafts from N2a cells. In contrast to
endogenous or expressed PP2A C subunit, the methylation-
incompetent, B�-binding defective L309� C subunit mutant
was excluded from rafts, supporting the hypothesis that meth-
ylation and B� binding promote the preferential targeting of
PP2A to membrane rafts. Surprisingly, only tiny amounts of
PME-1 were detected in non-raft membrane domains from
N2a cells. Indeed, the preferential distribution of PME-1 in the
cytosol and nucleus of N2a cells supports the notion that de-
methylation processes and other putative functions of PME-1
primarily occur outside of the plasmamembrane. Based on cur-
rent models of PP2A biogenesis (20, 24), the tiny pools of
PME-1 detected in non-rafts may be bound to demethylated
PP2A in this compartment and may play a role in preventing
untimely local methylation of PP2A. Because PP2A/B�
enzymes appear to be protected from demethylation by PME-1
(23, 53), it is also unlikely that membrane-bound unmethylated
PP2A pools occur as a result from local demethylation of pre-
existing PP2A/B� holoenzymes. So where is membrane-asso-
ciated demethylated C coming from? In contrast to PP2A/B�,
methylation of PP2AC subunit enhances but is not required for
stable formation of PP2A heterotrimers containing certain reg-
ulatory subunits, such as B	 subunits (54). Thus, instead we
speculate that preassembled demethylated dimeric AC or trim-
eric PP2A enzymes can be directed to the plasmamembrane. In
this context, it is noteworthy that the PP2A A subunit has been
identified as a palmitoylated protein in a recent global profiling
screen (55). S-Palmitoylation is a universal posttranslational
modification important for trafficking and localization of pro-
teins in plasma membrane and rafts (56). In light of the well

established scaffolding role of PP2A A subunit, this raises the
interesting possibility that dynamic A subunit palmitoylation
could contribute to modulate PP2A targeting to membrane
microdomains.
The precise regulatory mechanisms by which PP2A and

LCMT1 enzymes are targeted to the plasma membrane and
may translocate between raft andnon-raftmembranemicrodo-
mains are likely to be complex and remain to be elucidated in
future studies. In any case, the regulated compartmentalization
of LCMT1 and its substrate PP2A could contribute to a very
fine regulation of the PP2A methylation process at the level of
the plasmamembrane. Itmay also play a critical role in spatially
sequestering PP2A enzymes from their substrates, such as Tau,
in rafts and non-rafts.
We utilized several approaches to interfere with endogenous

PP2A methylation status in N2a cells: overexpression of the
L309� C mutant, overexpression of an inactive LCMT1
mutant, knockdown of LCMT1, and inhibition of LCMT1
activity by drugs. They all resulted in a net loss of total and
membrane-associated methylated PP2A levels. The latter was
also paralleled by a decrease in membrane-bound total PP2A C
levels, further indicating that impaired methylation affects the
spatial localization of PP2A and could impair important func-
tions of PP2A at the plasmamembrane level. Notably, we show
here that altered LCMT1-dependent PP2Amethylation, which
induces down-regulation of PP2A/B� holoenzymes and
increases Tau phosphorylation in N2a cells (22), is associated
with a concomitant loss of membrane-associated pools of both
PP2A and Tau. In addition, we unveil a critical role for altera-
tions in one-carbonmetabolism and LCMT1-dependent PP2A
methylation in modulating the interaction of Tau with the
plasma membrane. There is increasing evidence that missorting
and altered compartmentalization of key proteins such as Tau in
raft and non-raft membrane microdomains play a critical role in
neurodegenerative disorders, including AD pathogenesis (6). Sig-
nificant alterations in cortical lipid raft composition have been
recently reported inmousemodelsofAD(5).Ofparticular interest
in this proteomic study is the observation that PP2A/B� holoen-
zymeswere identified in the group of lipid raft proteins regulating
key signaling pathways and synaptic-dependent processes such as
axonal guidance and long term depression, which became signifi-
cantly down-regulated in ADmouse models. We have previously
reported that down-regulation of LCMT1 and PP2Amethylation
is intimately related to the loss of PP2A/B� and accumulation of
phosphorylated Tau in AD brain tissue (22). Together with these
observations, our data support a critical role for altered PP2A
methylation inmediating the loss of raft-associated PP2A/B� and
contributing to deregulation of normalTaudistribution and func-
tion in AD pathogenesis.
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