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Background: ERM protein function is regulated by phosphorylation.

Results: The PP1a isoform specifically dephosphorylates ceramide-induced ERM proteins.

Conclusion: Plasma membrane ceramide activation of PP1«, a novel and a specific mechanism that regulates ERM proteins.
Significance: The mechanisms of regulation of ERM proteins are important to understand and control cancer progression.

ERM (ezrin, radixin, and moesin) proteins are cytoskeletal
interacting proteins that bind cortical actin, the plasma mem-
brane, and membrane proteins, which are found in specialized
plasma membrane structures such as microvilli and filopodia.
ERM proteins are regulated by phosphatidylinositol 4, 5-bi-
phosphate (PIP,) and by phosphorylation of a C-terminal thre-
onine, and its inactivation involves PIP, hydrolysis and/or myo-
sin phosphatase (MP). Recently, we demonstrated that ERM
proteins are also subject to counter regulation by the bioactive
sphingolipids ceramide and sphingosine 1-phosphate. Plasma
membrane ceramide induces ERM dephosphorylation whereas
sphingosine 1-phosphate induces their phosphorylation. In this
work, we pursue the mechanisms by which ceramide regulates
dephosphorylation. We found that this dephosphorylation
was independent of hydrolysis and localization of PIP, and MP.
However, the results show that ERM dephosphorylation was
blocked by treatment with protein phosphatase 1 (PP1) pharma-
cological inhibitors and specifically by siRNA to PP1«, whereas
okadaic acid, a PP2A inhibitor, failed. Moreover, a catalytic
inactive mutant of PPla acted as dominant negative of the
endogenous PP1a. Additional results showed that the ceramide
mechanism of PPla activation is largely independent of PIP,
hydrolysis and MP. Taken together, these results demonstrate a
novel, acute mechanism of ERM regulation dependent on PP1a
and plasma membrane ceramide.

ERM (ezrin, radixin, and moesin) proteins serve as regulated
linkers between the plasma membrane and the cortical actin
cytoskeleton (1). ERM proteins have been shown to provide a
platform where different signaling molecules interact to allow
signal transduction between the extracellular matrix and the
cell (2, 3). Examples of these membrane proteins include CD95
(4), CD44 (5), intercellular adhesion molecule (I-CAM) (6),
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CD43 (7), cystic fibrosis transmembrane conductance regula-
tor (8), and NHE1 (9). Moreover, ERM family is enriched in
specialized cell structures such as filopodia, lamellipodia, mem-
brane ruffles, and other membrane protrusions. It has also been
shown that ERM proteins participate in diverse cellular func-
tions such as cell morphology (10), cell polarization (11, 12),
plasma membrane vesicular trafficking, adhesion, and migra-
tion (3, 13—15). ERM proteins also appear to play important
roles in cancer progression involving invasion of tissue sur-
roundings and metastasis (16).

The function of ERM proteins is regulated by a two-step
process based on an active (open) and inactive (closed) confor-
mation. In the inactive conformation, the N-terminal domain
(FERM) and the C-terminal domain (C-ERMAD) interact with
each other in a self-associated conformation, and the protein
remains in the cytosol. Phosphorylation on a C-terminal thre-
onine residue (ezrin Thr-567, radixin Thr-564, and moesin
Thr-558) provokes a steric impediment for the interaction
between FERM and C-ERMAD, leading to an open conforma-
tion, and then the FERM domain interacts with the plasma
membrane in a process requiring phosphatidylinositol 4,5-bi-
phosphate (PIP,),”> whereas the C-ERMAD domain interacts
with the cortical actin cytoskeleton. Several kinases have been
shown to phosphorylate the C terminus of ERM, including Rho
kinase (17), classical and atypical protein kinase C (18, 19),
myotonic dystrophy kinase-related Cdc42-binding kinase (20),
and GRK2 (G-protein-coupled receptor kinase 2) (21). How-
ever, only myosin phosphatase (MP, also called ERM phospha-
tase, a term that we will not use in this work to avoid confusion)
has been clearly implicated in constitutive ERM dephosphory-
lation. This process requires the MYPT1-targeting subunit,
although other phosphatases have been suggested, including
PP2A (22) or PP2C in vitro studies (23). Little is known about
mechanisms of regulated dephosphorylation of ERMs.

Interestingly, sphingolipids also have been related to cell
migration (24, 25) and regulation of the cytoskeleton (26, 27).

2The abbreviations used are: PIP,, phosphatidylinositol 4, 5-biphosphate;
PP1, protein phosphatase 1; bSMase, bacterial sphingomyelinase; PLC,
phospholipase C.
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Recently, our group showed that ERM proteins were strongly
regulated by sphingolipids. Hydrolysis of plasma membrane
sphingomyelin producing plasma membrane ceramide induced
a rapid and robust ERM dephosphorylation, whereas other
SM metabolites failed. Ceramide-induced dephosphorylation
could be overcome by hydrolysis of that ceramide using bacte-
rial ceramidase. Moreover, production of sphingosine 1-phos-
phatre resulted in augmented phosphorylation (28). There is
significant literature showing that ceramide functions as a bio-
active lipid capable of activating several proteins, including pro-
tein phosphatases (29), suggesting that ceramide could directly
activate a phosphatase to dephosphorylate ERM proteins in an
acute cell response.

In this study, we demonstrate that ceramide generated at the
plasma membrane dephosphorylates ERM proteins through
PPla isoform. This establishes a new mechanism of ERM reg-
ulation, independent of phospholipase C (PLC), PIP, hydroly-
sis, PP1B3, and MYPT1.

EXPERIMENTAL PROCEDURES

Materials—High glucose DMEM, fetal bovine serum, and
rhodamine-phallodin were obtained from Invitrogen. Sphingo-
myelinase from Bacillus cereus, BSA (essentially fatty acid free),
and anti-B-actin monoclonal antibody were from Sigma. Anti-
phospho-ERM protein, anti-ezrin, and PP2AC antibodies were
from Cell Signaling Technology (Danvers, MA). Anti-PP2ACa
antibody was from BD Biosciences. Anti-PP1a, PP1S3,and PP1y
antibodies and protein A/G-agarose beads were from Santa
Cruz Biotechnology. Anti-GFP antibody was from Invitrogen.
Nuclear stain Drag5 was from Alexis (Carlsbad, CA).
Cyclosporin A, calyculin A, okadaic acid, tautomycin, U-73122,
and m-3M3FBS were from Calbiochem.

Cell Culture—HeLa cells were purchased originally from
American Type Culture Collection (ATCC, Manassas, VA).
Cells were grown in DMEM supplemented with 10% FBS and
incubated at 37 °C, 5% CO,. When FBS-free medium was used,
medium was supplemented with 0.1% of BSA. Testing for the
presence of mycoplasma infection was performed routinely on
a monthly basis.

RNA Interference—Gene silencing of PP2ACa, PP2ACS,
PPle, PP1B, PP1y, and MYPT1 (50 nm) using Oligofectamine
was performed according to the manufacturer’s instructions
(Invitrogen).

Plasmid Constructs—Full-length ezrin ¢cDNA, VSV-G tag
pCB6 plasmid has been described previously (Zeidan YH 2008).
Single mutation on PP1 isoforms mutants were generated using
QuikChange site-directed mutagenesis kit from Stratagene (La
Jolla, CA). N-terminal ezrin first 311 amino acids followed by
VSV-G tag was cloned in a PCB6 plasmid. All plasmids were
sequenced to confirm the sequence in Genewiz (South Plain-
field, NJ). The plasmid GFP-C1-PLC4-PH was obtained from
Addgene (Addgene plasmid 21179).

Immunoprecipitation and Immunoblotting—Cells were
treated with vehicle or bacterial sphingomyelinase (bSMase; 50
milliunits/ml, 5 min). Cells were then lysed in a buffer contain-
ing 20 mMm Tris-HCI, pH 7.5, 100 mMm NaCl, 1% Triton X-100, 1
mMm EDTA, and protease inhibitor mixture (Sigma). Homoge-
nates were centrifuged at 9,300 X g for 10 min at 4 °C. Nonspe-
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cific binding was reduced by adding protein A/G-agarose for
1 h in a circular rotator and centrifuged at 10,000 X g, at 4 °C.
The supernatants were used for immunoprecipitation using
specific antibodies (1 ng/500 ug lysate) overnight. Immune
complexes were isolated by incubation with protein A/G-aga-
rose beads for 3 h. Immunoblotting analysis was carried using
similar procedures as described previously (28).

Transfection with VSV.G-tagged Ezrin and GFP-CI-
PLC6-PH Expression Vector—Cells growing on 35-mm dishes
were transfected with 1 ug of pCB6-ezrin, pCB6 N-terminal
ezrin or GFP-C1-PLCS-PH plasmid DNA using Lipofectamine
transfection reagent (Qiagen) according to the manufacturer’s
instructions.

Immunofluorescence and Confocal Microscopy—Immuno-
fluorescence analysis was carried using similar procedures as
described previously (28). Briefly, HeLa cells, growing on
35-mm confocal dishes, were fixed by addition of warmed
(37 °C) 3.7% paraformaldehyde solution for 15 min, and sam-
ples were washed with PBS (room temperature). If required,
cells were permeabilized with 0.1% Triton X-100 for 10 min and
blocked for 20 min at room temperature in PBS containing 2%
of human serum (Jackson ImmunoResearch Laboratories). Pri-
mary antibodies were diluted in PBS with 2% of human serum
and added for 18 h at 4 °C. Samples were examined, and images
were collected using a confocal microscope (LSM510 META;
Carl Zeiss, Inc.) using a 63X oil objective, and data were
imported into Volocity software (Improvision).

RESULTS

Effects of PLC Activator m-3M3EBS on ERM Proteins in HeLa
Cells—In a recent publication, we showed that ceramide gen-
erated at the plasma membrane by hydrolysis of sphingomyelin
using bSMase caused a dramatic ERM dephosphorylation (28).
However, the only physiologically known mechanism upstream
of ERM dephosphorylation reported until now has been activa-
tion of PLC, producing hydrolysis of PIP,, followed by detach-
ment of ERMs from the plasma membrane and dephosphory-
lation. To determine whether this mechanism also operates in
HeLa cells, HeLa cells were treated with different doses of a PLC
activator (m-3M3FBS) for the indicated durations, and the
effects on ERM dephosphorylation were analyzed by Western
blotting and confocal microscopy. In corroboration of results
published in Jurkat T cells (30), m-3M3FBS was able to induce
dephosphorylation of ERM proteins in HeLa cells (Fig. 1, A
and B).

Effects of PLC Inhibitor U73122 on bSMase- and PLC-in-
duced ERM Dephosphorylation—Hydrolysis of PIP, is driven
by PLC. To study the relation between bSMase- and PIP,-de-
pendent ERM dephosphorylation, we investigated whether
inhibition of PLC could block bSMase-induced ERM dephos-
phorylation. In Jurkat blood T cells, the PLC inhibitor U73122
is able to block the ERM dephosphorylation induced by SDF-1
(30). In HeLa cells, SDF-1 had no effect on ERM proteins, but
if ceramide generated at the plasma membrane acts via PLC,
then inhibiting PLC should block the dephosphorylation
induced by bSMase. As shown in Fig. 1, C and D, inhibition of

3 D. Canals, P. Roddy, and Y. A. Hannun, unpublished results.

VOLUME 287 +NUMBER 13-MARCH 23,2012



PLC failed to block the ERM dephosphorylation caused by
bSMase and actually facilitated ERM dephosphorylation
induced by bSMase. These results suggest that bSMase effect
on ERM dephosphorylation follows a different path than PLC
activation.

bSMase Treatment Does Not Affect PIP,—The above results
suggested the bSMase effect on ERM phosphorylation was
independent of PLC activity. However, we explored whether
ceramide generation at the plasma membrane could be affect-
ing ERM phosphorylation by altering the cellular localization of
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FIGURE 1. Effects of PLC activation and inhibition on ERM dephosphory-
lation. A, Hela cells were treated with vehicle, 20, 100, and 200 um of
m-3M3FBS for 5 and 20 min, and dephosphorylation on ERM was measured
by Western blotting. Treatment with m-3M3FBS resulted in ERM dephosphor-
ylation starting from 100 umand 5 min. B, HelLa cells were treated with 100 um
of m-3M3FBS and fixed with paraformaldehyde. The presence and localiza-
tion of phospho-ERM was visualized using confocal microscope. Nuclei and
F-actin were visualized with Draq5 (blue) and rhodamine-phalloidin (red)
staining and stained with phospho-ERM antibody (green). C, Hela cells were
pretreated with PLC inhibitor U-73122 (10 um, 5 min) and treated with
bSMase (10, 50, and 100 milliunits/ml (mU), 5 min). Phospho-ERM and total
ezrin (tEzrin) were evaluated by Western blotting. D, HelLa cells were treated
with U-73122 (10 pum, 5 min) and bSMase (50 milliunits/ml, 5 min) and fixed
and stained as described in B.
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PIP, or by affecting the interaction of ezrin with PIP, at the
plasma membrane. To investigate these possible effects, we
detected cellular PIP, using the PH domain of PLCS§, which has
been shown previously to bind intracellular PIP, (31) and
expressed the N-terminal fragment of ezrin in HeLa cells to
confirm plasma membrane localization.

HeLa cells were transiently transfected with GFP-C1-
PLCS-PH plasmid, or with VSV.G-N-ter-Ezrin and treated
with bSMase. As a positive control, we used the PLC activator
m-3M3FBS (32), and as a negative control, the PLC inhibitor
U73122 (33). As shown previously (30), m-3M3FBS caused loss
of binding of PH domain of PLC$ to the plasma membrane in
Jurkat T cells, and as expected, m-3M3FBS also caused loss of
binding to plasma membrane in HeLa cells as well as release of
VSV.G-N-ter-Ezrin fragment from the plasma membrane (Fig.
2). Thus, the activator of PLC resulted in loss of both plasma
membrane binding and phosphorylation. On the other hand,
bSMase treatment did not cause loss of binding of the PH
domain of PLC§, and it also failed to release the N-terminal
fragment, providing further evidence that ceramide-driven
ERM dephosphorylation does not involve loss of PIP, and
therefore follows an independent mechanism from that of
PIP,/PLC.

Mpyosin Phosphatase Is Not Key Mediator in Ceramide-in-
duced ERM Dephosphorylation—We showed that ceramide-
induced ERM dephosphorylation seems to be independent of
PIP, hydrolysis. However, another mechanism, the MYPT1-
PP1B-M21 complex (also called MP), has been implicated in
ERM regulation (34-36) and further explored in additional
studies (20, 37). Unlike protein kinases, only a few protein phos-
phatases are found in the cell; although hundreds of regulatory
subunits regulate their specificity, selectivity, localization, and
activity (38). As MP has been described as ERM phosphatase,
we studied the role of MP on ceramide-induced ERM dephos-
phorylation. For that purpose, we knocked down the catalytic
subunit of MP, the protein phosphatase PP13, in HeLa cells and
then we treated with bSMase (50 milliunits/ml) to induce ERM
dephosphorylation. We started observing a decrease in PP1f3

m-3M3FBS (PLCact.) U73122 (PLC inh.)

FIGURE 2. Effects of bSMase on plasma membrane PIP,. Hela cells were transfected with GFP-C1-PLC8-PH or with VSV.G-N-ter-Ezrin and treated with vehicle,
bSMase (100 milliunits (mU)/ml, 5 min), m-3M3FBS (100 um, 5 min), or U-73122 (10 uMm, 5 min). GFP-C1-PLC8-PH specifically binds PIP, and was localized at the
plasma membrane in untreated cells. Treatment with bSMase did not affect GFP-C1-PLC8-PH localization, whereas m-3M3FBS completely depleted GFP-C1-
PLCS-PH from the plasma membrane. U-73122 also kept GFP-C1-PLC8-PH at the plasma membrane, although enriched GFP-C1-PLCS-PH spots at the plasma
membrane were observed. Expressed VSV.G-N-ter-Ezrin followed the same pattern than GFP-C1-PLC8-PH. PLCact, PLC activator; PLC inh., PLC inhibitor.
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FIGURE 3. Study of participation of myosin phosphatase on ceramide-PP1a ERM dephosphorylation. A, Hela cells were treated with PP13 siRNA for 72 h
and then treated with bSMase (50 milliunits (mU)/ml, 5 min) and lysed. PP18 knockdown was confirmed by Western blotting (WB). Phospho-ERM proteins
(P-ERM) and total ezrin (tEzrin) were also evaluated by Western blotting. B, HeLa cells were treated with bSMase (50 milliunits/ml, 5 min) and lysed. PP1¢, -3, and
-y were immunoprecipitated from the lysate, and co-immunoprecipation of MYPT1 was analyzed. Only PP13 was able to co-immunoprecipitate MYPT1 in
control cells and in bSMase-treated cells. C, MYPT1 was knockdown in Hela cells and treated with bSMase (25 milliunits/ml or 50 milliunits/ml, 5 min) and
phospho-ERM (P-ERM) was evaluated by Western blotting. Cells lacking MYPT1 showed a small effect on ERM dephosphorylation after bSMase treatment.
Contrarily, MYPT1 knockdown showed a dramatic increase in the phospho-myosin light chain (MLC), although independent of bSMase treatment. B-actin
showed equal loading.

protein using 5 nM siRNA, but we used increasing concentra-
tions of that siRNA up to 100 nm, with 50 nMm as the optimum
condition. The effect on ERM dephosphorylation was analyzed
by Western blotting (Fig. 34). As shown previously, bSMase
caused a decrease in ERM dephosphorylation; however, knock-
down of PP1 could not block this effect.

MP contains MYPT1 as a regulatory subunit. We could not
discard MYPT1 participating in ceramide-induced ERM
dephosphorylation. It has already been shown that in basal con-
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ditions MYPT1 only binds PP18 (37, 39, 40). However, because
PP1 isoforms share a high identity in sequence, and still the key
amino acid in PP1 to bind MYPT1 are not clear, MYPT1 might
also bind another PP1, at least under some conditions such as in
response of bSMase. To address this possibility, HeLa cells were
treated with vehicle or bSMase, and the different isoforms of
PP1 were immunoprecipitated directly from cell lysates. The
immunoprecipitant was analyzed by Western blot to study co-
immunoprecipitation of MYPT1 (Fig. 3B). In both, untreated
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and bSMase-treated cells, there was no evidence of MYPT1
interacting with PP1a or vy but only with PP13. To completely
exclude MYPT1 from ceramide-induced ERM dephosphory-
lation, MYPT1 was down-regulated in HeLa cells, and the effect
of bSMase was studied. As shown in Fig. 3C, knockdown of
MYPT1, although increased basal phospho-ERM levels, could
not totally block ERM dephosphorylation driven by bSMase,
although a small effect was observed. In contradistinction,
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M tEzrin

-+ - + - 4+ - 4+ - + bSMase
Control CycloA Caly A Okad. Ac Tauto

FIGURE 4. Pharmacological phosphatase inhibitor screening on cer-
amide-induced ERM dephosphorylation. Hela cells were pretreated with
vehicle or with the protein phosphatase inhibitors cyclosporine A (Cyclo A; 10
1M, 3 h), calyculin A (Caly A; 20 nm, 3 h), okadaicacid (Okad. Ac; 100 nm, 3 h), and
tautomycin (Tauto; 200 nm, 3 h) and treated with bSMase (50 milliunits/ml, 5
min). Of the various inhibitors evaluated, calyculin A and tautomycin blocked
ERM dephosphorylation induced by bSMase. tEzrin, total ezrin.
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knock down of MYPT1 resulted in a significant phosphory-
lation of myosin light chain that was not responsive to
bSMase (Fig. 3C). These results support and confirm previ-
ous work that has determined specificity of MYPT1 interac-
tion with PP1B and suggesting that ceramide-driven dephos-
phorylation follows a distinct regulatory mechanism for
ERM dephosphorylation.

Effects of Ceramide-activated Phosphatase Inhibitors on
bSMase-induced ERM Dephosphorylation—Once we ruled out
MP as a ceramide-induced ERM phosphatase, we focused to
find which phosphatase dephosphorylated ERM proteins in
response of ceramide. Previously, we demonstrated that very
short term treatment with bSMase (2—-10 min) produced sph-
ingomyelin hydrolysis only at the plasma membrane but did not
affect intracellular sphingomyelin. This ceramide generated at
the plasma membrane was not further metabolized to other
compounds (i.e. complex glycosphingolipids, sphingosine, etc)
and was sufficient to induce ERM dephosphorylation in HeLa
(28) and other cell lines.® The major serine/threonine protein
phosphatases in eukaryote cells belong to PP1 and PP2A fami-
lies (41, 42). Moreover, these protein phosphatases have been
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FIGURE 5. Knockdown of PP1 and PP2A isoforms in ERM dephosphorylation. A, isoforms of PP1 and PP2A phosphatases and combinations within the same
family isoforms were knocked down in Hela cells for 72 h and treated with bSMase (50 milliunits/ml, 5 min) and changes on phospho-ERM (P-ERM) were
evaluated by Western blotting. HeLa cells knocked down for PP1a and combination of knockdown containing PP1a blocked bSMase-induced ERM dephos-
phorylation. B, B-actin showed equal loading, and total ezrin showed that the changes in ERM phosphorylation were due to changes in the phosphorylation
state and not because changes in total ezrin (tEzrin) levels. PP2AC«, PP1«, and PP 1y are shown to validate knockdown. Note that there is no PP2ACB available
antibody. C, the PLC activator m-3M3FBS also induced ERM dephosphorylation. Almost all of the knocked down phosphatases tested, with the exception of
PP2A, were able to partially block m-3M3FBS-induced ERM dephosphorylation. Western blots from A and C were quantified, and the ratio P-ERM/total ezrin
were represented in D and E, respectively.
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previously described to be activated in vitro by ceramide by our
group (43—46) and others (47, 48). Thus, to determine whether
ceramide-driven ERM dephosphorylation was mediated by one
of these protein phosphatases, HeLa cells were treated with 50
milliunits/ml of bSMase to induce ERM dephosphorylation,
and different protein phosphatase inhibitors were tested for the
ability to block ERM dephosphorylation. Of the various inhib-
itors evaluated, cyclosporine A (PP2B inhibitor), calyculin A
(PP1and PP2A), okadaic acid (PP2A), and tautomycin (PP1 and
PP2A at high concentrations), only calyculin A and tautomycin
were able to block the dephosphorylation of ERM proteins
upon bSMase treatment (Fig. 4). These results pointed to PP1
phosphatases as the candidate mediators, although a PP2A
phosphatase could not be completely discarded.

Involvement of PP1a Serine/Threonine Protein Phosphatase
in bSMase-induced ERM Dephosphorylation—The pharmaco-
logical screening pointed to a PP1/PP2A class of phosphatase to
block ERM dephosphorylation upon bSMase treatment. To
investigate their role in ERM dephosphorylation, individual
isoforms of the catalytic subunits of PP2A and PP1 genes were
knocked down with specific siRNA previously validated in our
group (49). The effects of the siRNA on the ceramide-induced
dephosphorylation were evaluated (Fig. 5, A and B, Fig. 5D rep-
resents Fig. 5A quantification). In untreated cells, knockdown
of all PP1 isoforms resulted in moderate enhancement of basal
phosphorylation of ERM proteins and no significant effect by
PP2A isoforms. In bSMase-treated cells, only PP1a blocked
ERM dephosphorylation, with little or no effect of the other
PP1/2A isoforms. These results strongly suggested PPla
as the required phosphatase in bSMase-induced ERM
dephosphorylation.

Effects of PP1 Catalytically Inactive Mutants on bSMase-in-
duced ERM Dephosphorylation—Zhang ] et al. (50) published a
mutational analysis on PP1e, finding that different single muta-
tions became catalytic inactive. Among those inactive mutants,
D95N has been used widely as a dominant negative form (51—
53). To further implicate PPla in ceramide-driven ERM
dephosphorylation, D95N PP1a, D94N PP13, and D95N PP1y
mutants were generated and tested. Because EGFP-PP1 con-
structs were developed and validated in our group (54, 55), the
inactive mutants were generated using EGFP-PP1 as templates.
Thus, HeLa cells were transiently transfected with WT EGFP-
PP1 isoforms, or with the corresponding catalytically inactive
mutants, treated with bSMase and evaluated by Western blot
and immunocytochemistry for ERM phosphorylation (Fig. 6, A
and B). Before bSMase treatment, all samples showed similar
amount of ERM phosphorylation, suggesting that when
ceramide was not generated at the plasma membrane none of
these phosphatases was especially active toward ERM proteins.
However, after bSMase, all the cells transfected with the differ-
ent PP1 constructs were dephosphorylated excepting the PP1a
mutant (Fig. 6A). Thus, D95N EGFP-PP1« blocked bSMase-
induced ERM dephosphorylation, whereas the catalytic inac-
tive mutants for PP18 and PP1Yy failed. Immunohistochemistry
studies also substantiated the ability of the D95N dominant-
negative construct to prevent the effects of bSMase on ERM
dephosphorylation (Fig. 6B). These results further implicate
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FIGURE 6. Effects of expression of wild type and catalytic inactive
mutants PP1 isoforms on ceramide-induced ERM dephosphorylation.
A, EGFP-PP1q,-B,and -y constructs and a respective catalytic inactive mutant
were expressed in Hela cells for 8 h. Next, cells were treated with bSMase (50
milliunits/ml, 5 min), and ERM dephosphorylation was evaluated by Western
blotting (phospho-ezrin, P-ERM). Total ezrin was measured to show no
changes in total ezrin. GFP was measured to confirm transfection. Cell trans-
fected with PP1« catalytic inactive mutant (PP1a D95N) resulted in insensi-
tivity to bSMase. B, HelLa cells were transfected with WT PP1« or the inactive
form, and the effect of bSMase on P-ERM was visualized using a confocal
microscope. Phospho-ezrin was visualized in red, EGFP was shown in green,
and nuclei were shown in blue.

PPla and not other PP1 isoforms as mediators of ceramide-
induced dephosphorylation of ERM proteins.

Distinction between bSMase- and PLC-dependent ERM
Dephosphorylation in PP1a Knockdown Cells—The previous
results suggested that ceramide-induced ERM dephosphory-
lation follows a different mechanism than PIP,-dependent
dephosphorylation, and it is independent from MP. We also
investigated whether PIP, hydrolysis-dependent ERM dephos-
phorylation was regulated by the same phosphatase as cera-
mide-driven dephosphorylation. For that purpose, several
phosphatases were knocked down in HeLa cells and treated
with m-3M3EBS, and the effects on ERM dephosphorylation
were studied by Western blotting, as shown before for bSMase.
Interestingly, as shown in Fig. 5C (quantified in Fig. 5E), there
was not a clear phosphatase involved in PIP, hydrolysis-depen-
dent ERM dephosphorylation. Indeed, knock down of several
phosphatases was able to partly overcome dephosphorylation
of ERM, unlike the more specific role for PP1e in bSMase-
induced dephosphorylation. Moreover, and in specific evalua-
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FIGURE 7. PP1« knockdown effects on ceramide- and PIP,-induced ERM dephosphorylation. Hela cells were knocked down for PP1« and treated with
bSMase (100 milliunits (mU)/ml, 5 min) or m-3M3FBS (100 uMm, 5 min), and the effect on phospho-ERM was visualized using a confocal microscope. Phospho-
ERM was localized at the plasma membrane. Both bSMase and m-3M3FBS induced ERM dephosphorylation. Knocking down PP1« blocked bSMase-induced
phosphorylation, but it did not block m-3M3FBS-induced dephosphorylation. Nuclei and F-actin were visualized with Draqg5 (blue) and rhodamine-phalloidin

(red) staining and stained with phospho-ERM antibody (green).

tion of PP1a, we compared ERM dephosphorylation induced
by ceramide and by PIP, hydrolysis after knock down of PP1e
(Fig. 7). The results showed that knockdown of PP1a was able
to specifically inhibit bSMase but not m-3M3FBS-induced
dephosphorylation. These experiments therefore demonstrate
that PP1a is required for ceramide-dependent ERM phosphor-
ylation but not for PIP, hydrolysis-dependent dephosphory-
lation, whereas other phosphatases were required for PIP,
hydrolysis-dependent ERM dephosphorylation.

Ceramide Requirement for PPl Activation/Recruitment—
To understand how ceramide generation at the plasma mem-
brane induces ERM dephosphorylation, we evaluated two alter-
native mechanisms: 1) generation of ceramide at the plasma
membrane disrupts the interaction between N-terminal ERM
domain and the plasma membrane. Once ERM is detached
from the plasma membrane, it is then dephosphorylated by
PPl (Fig. 8, A1, option 1). This mechanism would be similar to
what is currently understood for loss of PIP,-induced dephos-
phorylation. 2) Alternatively, generation of ceramide at the
plasma membrane activates PP1«a, which then dephosphory-
lates ERM and subsequently induces ERM detachment from
the plasma membrane (Fig. 8, A1, option 2). To determine
whether ceramide modulates plasma membrane-ERM binding
or activates PP1a, PP1a was down-regulated in HeLa cells and
treated with bSMase, and the localization of phospho-ERM and
total ezrin was studied. Before bSMase treatment, phospho-
ERM was localized at the plasma membrane (Fig. 8, BI), and
after bSMase treatment, the majority of ERM proteins were
dephosphorylated (Fig. 8, B2). Total ezrin was localized to the
cytoplasm and accumulated in plasma membrane protusions
(Fig. 8, CI), whereas bSMase treatment led to diminished accu-
mulation at the plasma membrane (Fig. 8, C2). In PP1a knock-
down cells, bSMase did not cause ERM dephosphorylation, and
phospho-ERM was localized at the plasma membrane and not

pCEEY S

MARCH 23, 2012+VOLUME 287+NUMBER 13

in the cytoplasm (Fig. 8, B3 and B4). Total ezrin localized in the
cytoplasm and at the plasma membrane (Fig. 8, C3 and C4).
These results suggest that ceramide is required to activate PP1«
toward ERM (Fig. 8, A2, option 2) and not to interfere in ERM-
plasma membrane interaction (Fig. 8, A2, option 1).

DISCUSSION

In this paper, we present a new mechanism of acute regula-
tion of ERM (ezrin, radixin, and moesin) by ceramide and the
PPlw isoform of PP1. Thus, ceramide generated at the plasma
membrane induces ERM dephosphorylation through PPla
activation, detaches ERM from the plasma membrane, and
leads to inactive ERM. This mechanism is distinct from the
previously reported mechanisms of ERM regulation, by either
hydrolysis of PIP, and ERM detachment from the plasma,
and/or by dephosphorylation by MYPT1-PP18 (MP). These
results have implications for the regulation of ERM proteins,
the functions of sphingolipids at the plasma membrane, specif-
ically ceramide, and the regulation of protein phosphatases.

In the past 20 years, understanding the mechanisms of ERM
regulation has evolved significantly. ERM are regulated by
phosphorylation of one of the most C-terminal threonines,
switching them from an inactive conformation to an active con-
formation. When the N terminus interacts with the plasma
membrane, a process requiring PIP,, ERM can be phosphory-
lated and then interacts with the cortical actin fibers. The only
known mechanism of ERM inactivation thus far involves
hydrolysis of PIP, by PLC. This hydrolysis results in detach-
ment of the N terminus of ERM from the plasma membrane
and dephosphorylation of the C terminus by an unknown phos-
phatase. In this mechanism, detachment appears to precede
dephosphorylation. Independently, several protein phosphata-
ses have been suggested in ERM dephosphorylation, with MP
(MYPT1-PP1B-M20) as the most cited. Recently, we published
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that ERM proteins are regulated acutely by ceramide and sphin-
gosine 1-phosphate. Ceramide generation at the plasma mem-
brane induced a rapid ERM dephosphorylation, whereas
hydrolysis of that ceramide and formation of sphingosine
1-phosphate counteracted this effect. In the present study, we
found that ceramide-driven ERM dephosphorylation involves a
different and novel mechanism rather than PIP,/MP: a mecha-
nism requiring PP1o.

The first significant finding from this study relates to estab-
lishing PP1a as a specific target for ceramide, mediating the
effects of plasma membrane ceramide on ezrin. Ceramide has
been demonstrated to be a bioactive lipid more than just a
structural component of the biological membranes. Indeed,
ceramide has been found to activate several proteins due to its
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capacity to interact with them such as cathepsin D or atypical
forms of PKC. The major in vitro defined targets for ceramide
have been the protein phosphatases PP2A and PP1. We sus-
pected that ceramide-induced ERM dephosphorylation might
be catalyzed by one of these phosphatases. To this end, we
employed different techniques to probe a ceramide-activated
phosphatase on ceramide-induced ERM dephosphorylation.
Thus, pharmacological inhibitors pointed to PP1 and PP2A
phosphatases. PP2A, PP1S3, and PP1ly were excluded using
siRNA. The role of PPla was determined with siRNA
approaches and further confirmed using dominant-negative
PP1, defining PP1a as a new player in ERM regulation.

More importantly, the findings from this study addressed the
question of how PP1a fits in what is known about ERM regula-
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tion. This led to defining a novel mechanism of regulation of
ERM that appears to be independent of previously studied
mechanisms. As shown by other studies, the cytokine SDF-1
activates PLC, which catalyzes PIP, hydrolysis, leading to ERM
inactivation in Jurkat cells. Other studies also have shown reg-
ulation of ERM by PIP,. To determine whether ceramide-PP1la
was in the same axis or in a parallel one, we first confirmed that
activation of PLC led to ERM dephosphorylation in HeLa cells.
However, inhibition of PLC was unable to block ceramide-
dependant ERM dephosphorylation. That result suggested
that even though ERM proteins can be regulated by PLC
activation in HeLa cells, other PLC-independent mecha-
nisms are possible, although not involving or excluding the
regulation by PIP, levels at the plasma membrane. However,
we could exclude PIP, hydrolysis as a mechanism of cera-
mide-driven dephosphorylation by showing that 1) ceramide
production at the plasma membrane did not affect PIP,
localization nor the localization of an N-terminal ezrin frag-
ment at the plasma membrane; 2) knockdown experiments
demonstrated that PP1a down-regulation could not block
PIP,-dependent dephosphorylation but blocked the cer-
amide-dependent dephosphorylation; 3) knockdown of
PPla did not result in dissociation of ERM from the plasma
membrane; thus, the pathway initiated by ceramide results
in dephosphorylation first, whereas PIP, hydrolysis results
in dissociation followed by dephosphorylation. 4) Moreover,
PIP, hydrolysis induced a dephosphorylation that was inhib-
ited partially by knocking down distinct phosphatases, sug-
gesting that once ERM is detached from the PIP,, almost any
phosphatase can have access to the C-terminal phosphosite,
thus establishing PPla as a specific phosphatase that can
inactivate ERM independently of PLC and PIP, but is
dependent of activation by ceramide.

Continuing that work, we wanted to explore whether cer-
amide-induced ERM dephosphorylation could be also regu-
lated by MP as MP has been reported widely as an ERM
phosphatase. MP is a protein complex containing PP18 and
the regulatory subunit MYPT1. As shown previously in this
work, PP18 and MYPT1 were excluded by the siRNA exper-
iments. Moreover, MYPT1 has been described recently to
bind uniquely the PP1B isoform. We confirmed that speci-
ficity of interaction; however, the results showed that PP1f3
and MYPT1 are not key mediators of the ceramide response,
although MYPT1 could have some effect, mainly regulating
ERM basal phospholevels, which would modulate the cer-
amide effect on ERM dephosphorylation.

The results from this study also provide significant sup-
port for the emerging concept of compartment-specific
functions of ceramide. Ceramide has been considered widely
as a bioactive effector without distinguishing among cellular
compartments or species. Recent studies, however, have
begun to address compartment-specific functions of cer-
amide (56) .One possible mechanism of the differential
response of compartment-specific ceramide may depend on
what ceramide-responding proteins are present in that com-
partment. Concerning plasma membrane ceramide, PPla
could be one of the proteins that translate a specific signal
from the plasma membrane, whereas ceramide generated in
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other compartments may propagate signals through other
targets.

The results from this study also raise implications as to the
roles of ceramide-mediated pathways and the ERM family in
pathobiology and most notably in cancer. Indeed, the ERM
proteins have been increasingly implicated in cancer devel-
opment and metastasis, such that active ERM proteins pos-
itively correlate with metastatic events and regulate pro-
cesses (migration, adhesion) that are intimately related to
metastasis. Likewise, ceramide has been shown to reduce cell
motility and is involved in cancer regression, leading to the
formulation of an anti-tumor function for ceramide. More-
over, PP1 and PP2A inhibitors have been shown to block cell
migration and adhesion. In this work, we suggest a mecha-
nism that connects these key players involving ceramide,
phosphatases, and ERM proteins.

In conclusion, our results define a novel mechanism of
ERM regulation, which is independent of other known ERM
regulatory mechanisms, involving ceramide production at
the plasma membrane and specifically activation of the PP1«
isoform.
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