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P-glycoprotein—actin association through ERM family proteins: a role
in P-glycoprotein function in human cells of lymphoid origin
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Patrizia Puddu, Giuseppe Arancia, Maurizio Cianfriglia, and Stefano Fais

P-glycoprotein is a 170-kd glycosylated
transmembrane protein, expressed in a
variety of human cells and belonging to
the adenosine triphosphate—binding cas-
sette transporter family, whose mem-
brane expression is functionally associ-
ated with the multidrug resistance
phenotype. However, the mechanisms un-
derlying the regulation of P-glycoprotein
functions remain unclear. On the basis of
some evidence suggesting P-glycopro-
tein—actin cytoskeleton interaction, this
study investigated the association of P-
glycoprotein with ezrin, radixin, and moe-
sin, a class of proteins that cross-link
actin filaments with plasma membrane in

a human cell line of lymphoid origin and
that have been shown to link other ion-
pump-related proteins. To this purpose, a
multidrug-resistant variant of CCRF-CEM
cells (CEM-VBL100) was used as a model
to investigate the following: (1) the cellu-
lar localizations of P-glycoprotein and
ezrin, radixin, and moesin and their mo-
lecular associations; and (2) the effects of
ezrin, radixin, and moesin antisense oligo-
nucleotides on multidrug resistance and
P-glycoprotein function. The results
showed that: (1) P-glycoprotein colocal-
ized and coimmunoprecipitated with ezrin,
radixin, and moesin; and (2) treatment
with antisense oligonucleotides for ezrin,

radixin, and moesin restored drug suscep-
tibility consistently with inhibition of both
drug efflux and actin—P-glycoprotein as-
sociation and induction of cellular redistri-
bution of P-glycoprotein. These data sug-
gest that P-glycoprotein association with
the actin cytoskeleton through ezrin, ra-
dixin, and moesin is key in conferring to
human lymphoid cells a multidrug resis-
tance phenotype. Strategies aimed at in-
hibiting P-glycoprotein—actin association
may be helpful in increasing the effi-
ciency of both antitumor and antiviral
therapies. (Blood. 2002;99:641-648)
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Introduction

P-glycoprotein (P-gp) is a 170-kd glycosylated integral plasnmspecialized molecules, ezrin/radixin/moesin (ERM) proteins, con-
membrane protein belonging to the adenosine triphosphate (ATBgntrated in actin-rich cell-surface structute’ These proteins
binding cassette transporter family. The multidrug resistant (MDRY)oss-link actin filaments with the plasma membrane and are
phenotype is often associated with an increased expression of Pigmlved in determining cell polarizatiof¥:1® The interactions

at the plasma membraAeATP hydrolysis provides energy to between plasma membrane and cytoskeleton play an essential role
mediate the drug efflux against step concentration gradienis, cell signaling, membrane trafficking, and various cellular
allowing the export of a variety of structurally and functionallyfunctions2°-25 including cell-cell adhesion, cell motility, and
unrelated compounds, including anticancer drugs such as viragoptosis®17.19.22-28 Notably, ion pumps, together with other
alkaloids, anthracyclines, taxoids, and other antimitctftB-gp is membrane proteins, are mostly localized in well-established polar-
expressed in a variety of human cells, either in normal dzed sites of epithelial cel®:%° The polarization of these pumps
pathologic condition&: However, the mechanisms underlying thenay change depending on the distribution and composition of the <
regulation of P-gp functions remain unclear, although numeroagtoskeletor?? as well as on the direct or indirect association of the
fluorescent (FL) dyes such as daunomycin and FL-bodipy drugs guemp-associated proteins with the actin cytoskeleton through the
efficiently transported, providing a convenient method in thERM proteins®' Moreover, we have recently shown that treatment
screening of P-gp activit}? In in vitro cell systems, the level of with interferonsy (IFN-vy) induced in human monocyte-derived
P-gp expression correlates with the final concentration of tmeacrophages the translocation of P-gp to the plasma membrane,
anticancer compound used for MDR variant selectfo®f inter- where it polarized and colocalized with eztinsuggesting P-gp

est, some evidence has suggested an important role of the aitteraction with the actin cytoskeleton through ERM proteins. On
cytoskeleton in P-gp—mediated multidrug resistance. In fact, thige basis of these data, we have focused our investigation on the
organization of actin filaments may be involved in the expressid®gp—actin interactions through ERM proteins and the role of these
of P-gp function in MDR osteosarcoma celfsand cytoskeleton interactions in P-gp—mediated multidrug resistance in human cells
alterations occur in an MDR human breast cancer cellfifidhere  of lymphoid origin. For this study, we used parental CCRF-CEM
is growing evidence that the actin-filament association with eells and its MDR variant P-gp—expressing CEM-VBL100 as a
variety of cellular proteins is mediated by a class of highlynodel to investigate the following: (1) the level of polarization; (2)
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the cellular expression, distribution, and the molecular associatié®seconds at 94°C, 40 seconds at 62°C, and 40 seconds at 72°C; and P-gp
of P-gp with ERM proteins; and (3) the effects of ERM antisensand GAPDH, 30 seconds at 94°C, 1 second at 55°C, and 2 seconds at 94°C.
oligonucleotides on susceptibility to drug-mediated cytotoxicit)/f‘ negative control lacking template was included in each experiment. The
drug efflux, and P-gp subcellular localization, as well as j@roducts were analyzed on a 1.5% agarose gel.

association with actin. The results clearly showed that: (1) parental

and CEM-VBL100 cells both expressed high levels of ezriy/estern blotanalysis

radixin, and moesin; (2) P-gp polarized, colocalized, and coimmgypcellular membrane/cytoskeleton fractions from CEM cells were pre-
noprecipitated with ERM proteins in CEM-VBL100 cells; and (3pared as described previoudhBriefly, cells were pelleted, washed in PBS,
treatment with ERM antisense oligonucleotides de novo induceskuspended in hypotonic solution (10 mM HEPES, pH 6.9, 10 mM KCl, 3
drug susceptibility, inhibition of the drug efflux system (resulting in.L/mL aprotinin, 0.1 mM phenylmethylsulfonyl fluoride [PMSF]), and

an increase in intracellular drug retention), and P-gp molecuReubated on ice for 15 to 20 minutes. Cells were disrupted by dounce
redistribution and its dissociation from actin. Together these resuffi@mogenization (20 strokes). Nuclei were pelleted at 3200 rpm for 3

suggest that actin—P-gp association is a key mechanism in deterrff??ﬁ};‘tfs art]t:;c aé‘dtrgg‘gggdr' ;hf f;ger:‘i?tim fr‘:Togeq_‘;ted ””Cr'ﬁi Q’V"r’]‘ts
ing MDR phenotype at the cellular level. urther centrifuged & pm 1o utes a - e supernata

(cytosol) was separated and the pellet (cytoskeletal plus membrane
fraction) was further resuspended in NTENT buffer (150 mM NacCl, 10 mM
Tris-HCI, pH 7.2, 1 mM EDTA, 3uL/mL aprotinin, 0.1 mM PMSF, 1%

Materials and methods Triton X-100)36 Subcellular fractions were resuspended in sodium dodecy!
) sulfate (SDS) sample buffer, denatured by boiling, and separated on 5% or
Cells and chemicals 8% SDS-polyacrylamide gel electrophoresis (PAGE). Proteins were then

. transferred to Protran BA85 nitrocellulose membrane (Schleicher and
The MDR variant (CEM-VBL100) of CCRF-CEM (CEM) cells was . . . -
van ( ) ( ) W huell, Dassel, Germany) and blocked in 5% milk overnight. P-gp, ezrin,

obtained by exposing the parental drug-sensitive human T—Iymphoblasto%% - - . . . .
cell line to increasing sublethal concentrations of vinblastine sulfate (VBL (i'esm,' an;l act(lin \Clere Lditectted. W|thK$nt|—P£gp (JS.B-1+ Cht;ml(i_on),
up to 100 ng/mL (Eli Lilly, Paris, Francéf.All the cells used in this study nti-ezrin (Transduction Laboratories, ), anti-moesin (Transduction

were cultured in RPMI 1640 medium enriched with 10% fetal bovine seruh}at&ora_t;nes), ar_]&j antl-ac_tln (i:tl'emlc;on) mAbsI, rezpecnv:Iy, a;g V|sua|_-
and antibiotics (basic medium, BM) in a humidified 5% £&hd 95% air ized with peroxidase-conjugated anti-mouse Ig (Amersham Pharmacia

Bigtech, Milan, lItaly), followed by enhanced chemiluminescence (ECL,
atmosphere. P-gp drug effl as measured by the dye compo ! . = . .
P gp arug e w . y y PO, uperSignal Substrate; Pierce, IL). Radixin was detected with an anti-

VBL-bodipy (50 ng/mL; Molecular Probes, Eugene, OR). The cytotoxicit dixi t pAb (which . dixi I in: Santa C
assay was performed by treating cells with VBL (50 ng/mL). As a contro adixin goat p .(W ICh recognizes radixin as wefl as moesin, santa Lruz,
A) and visualized with peroxidase-conjugated anti-goat Ig (Jackson

P-gp activity of the CEM-VBL100 cells was blocked using a 1-hou ; -
pretreatment with 1Q.g/mL verapamil (VRP; Basf-Knoll, Milan, Italy). &T%g?;g;eamh Laboratories, PA) followed by SuperSignal Substrate

Immunocytochemistry
Coimmunoprecipitation analysis
CEM cells were spun onto glass slides (Shandon, United Kingdom) or

attached to poly-L-lysine—covered glass chamber slides (Labtek, IL), fixdeytoskeletal/membrane fractions obtained from CCRF-CEM and CEM-
and stained by immunocytochemistry with monoclonal antibodies (mAb¥BL100 cells were precleared with proteiniAs-sepharose 4B Fast Flow

to MDR1 (clone MM4.17, directed to an external P-gp dom&mactin (Sigma, St Louis, MO) for 1 hour at 4°C. Actin, ezrin, moesin, radixin, and
(Chemicon, CA), ezrin (Biogenesis, United Kingdom), and moesin (Tran§P4 proteins were immunoprecipitated from precleared lysate with anti-
duction Laboratories, KY), or polyclonal antibody (pAb) to radixin (Sant&ctin (Chemicon), anti-ezrin (clone 3C12; Sigma), anti-moesin (Santa
Cruz, CA). Staining was performed by the alkaline phosphatase—arfgtuz), anti-radixin (Santa Cruz), and anti-CD4 (Santa Cruz) antibodies,
alkaline phosphatase (APAAP) method (Dako, Denmark) or the peroxidag@siPectively, overnight at 4°C in the presence of proteinGAsepharose
antiperoxidase (PAP) method (Dako) with counterstaining with MaydfB Fast Flow; Sigma). Alternatively, P-gp was immunoprecipitated as

hemalum (BDH) (Milan, Italy)® described above for ERM proteins, using an anti—P-gp mAb (clone JSB-1;
Chemicon). Immunoprecipitated beads were washed 4 times in NTENT
Reverse transcriptase—polymerase chain reaction analysis buffer, resuspended in SDS sample buffer, and resolved in 8% SDS-PAGE.

Immunoprecipitated proteins were transferred to Protran BA85 nitrocellu-
Cells were pelleted and washed in cold phosphate-buffered saline (PB8$e membrane (Schleicher and Schuell) and analyzed by Western blotting
Total RNA (1 pg), obtained using the RNA-zol method (Biotech Italiawith anti-actin (Chemicon), anti-ezrin (Transduction Laboratories), anti-
Milan, Italy), was reverse transcribed at 37°C for 1 hour in a20eaction  moesin (Transduction Laboratories), anti-radixin (Santa Cruz), anti-CD4
containing 50 mM Tris-HCI, 40 mM KCIl, 6 mM MgG] 10 mM  (Novocastra, Newcastle-upon-Tyne, United Kingdom), or anti-MDR1
dithioerythritol (pH 8.3), and Moloney murine leukemia virus reversgcione JSB1; Chemicon) mAb, as appropriate. The immunoblotting for
transcriptase (Roche, Germany). The cDNA product was amplified inaatin and CD4 on actin and CD4 immunoprecipitates, respectively, was
20-uL reaction containing 10 mM Tris-HCI (pH 8.3); 50 mM KCI; 1.5 mM performed in nonreducing conditions, resuspending the immunoprecipitates
MgCly; 0.001% (wt/vol) gelatin; 0.2 mM each of dATP, dGTP, dCTP, antefore SDS-PAGE separation in Laemmli buffer not supplemented with
dTTP; 5 ng/mL each of the gene-specific upstream and downstre@imercaptoethandlto avoid the usual migration of immunoglobulin heavy
primers; and 0.5 U Taq polymerase (Perkin EImer, NY). The sequencescpfains close to the actin and CD4 molecular weights, as described
the primers used are: ezrin;-EACGCTTGTCTTTAGTGCTTC-3 and  previously?’
5'-ACTCAGACTTTACAGGCATTTTCC-3 (236-bp product); radixin,
5'-GCTAGGTGTTGATGCTTTGG-3and 3-GACGTTCCATTAGCTCT-
TCC-3 (420-bp product); moesin, FCCTATGGGAGTCAAGTGTGG-3
and 3-AGGTCCTGTTCTCATTCCTAGACC-3 (123-bp product); and For immunolabeling observations with back-scattered electrons, after the
P-gp as described previoush?® Reduced glyceraldehyde 3-phosphateleposition on poly-L-lysine—pretreated glass coverslips, the cells were
dehydrogenase (GAPDH) reverse transcriptase—polymerase chain readticobated at 37°C for 30 minutes with an anti—P-gp mAb (MRK16; Kamiya
(RT-PCR) (primers 5CCATGGAGAAGGCTGGGG-3and 3-CAAAGT-  Biomedical, WA) diluted in phosphate buffer (0.15 M NaCl, 0.05 M
TGTCATGGATGACC-3; 195-bp product) was run in parallel to normalizeNa,HPQO,, 0.05 M NaHPQ,), containing 0.5% bovine serum albumin
the levels of human RNAn all the samples. The samples were amplified {SA) and 0.05% Tween 20. Negative controls were incubated with
30 to 35 cycles under the following conditions: ezrin, radixin, and moesiirrelevant isotype-matched mAb. After 3 washes with the phosphate buffer,
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Scanning electron microscopy
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the cells were incubated with anti-mouse 1gG-gold conjugate (averagere used as negative controls. The analysis of the intracellular distribution
diameter of the gold particles, 10 nm; Sigma) diluted in phosphate bufferaftantitumor drug was performed on live cells, treated as described in the
room temperature for 30 minutes, rinsed twice in the same buffer, and fixéow cytometry P-gp function assays section and mounted on glass
at room temperature for 20 minutes with 2.5% glutaraldehyde containimgicroscope slides. To avoid cell damage, we made the image acquisitions
2% sucrose. After repeated washes in distilled water, silver enhancemeuickly on several cells present on different slides for each sample,
(British Biocell International, United Kingdom) was performed for 10capturing signals from one field per slide. The observations of both living
minutes at 19°C. Finally, the samples were dehydrated on an ethaaaod fixed cells were made using a Leica TCS 4D laser scanning confocal
gradient, critical point dried in C§® carbon coated by sputtering, andmicroscope (Leica Microsystems, Mannheim, Germany) equipped with an
examined with a Cambridge Stereoscan 360 scanning electron microscApir laser. The excitation and emission wavelengths used were 488 nm for
(Cambridge Instruments, Cambridge, United Kingdom). Observations witliorescein and VBL bodigyand 568 nm for rhodamine. Fluorescence

secondary electrons were used as a control of cell morphology. emissions were collected after passage through 510-nm and 590-nm
long-pass filters for fluorescein/VBL bodipy and rhodamine, respectively.
Antisense oligonucleotides Acquisition parameters were as follows: objective, 40.0/1.0 oil; pinhole

size, 113; x,y pixel size, 0.13m; z pixel size, 0.5 m; and step size, 0.58
Two antisense phosphorothioate oligonucleotides (S-modified) (PONgh. Double-labeled samples were analyzed by the Multicolor Program
complementary to the corresponding positions 1 to 15 of the human ezfipeica), which allows the elimination of channel cross-talk.
radixin, and moesin coding regions were used. The chosen sequence was
5-TACGGCTTTGGTTAG-3 for the ezrin/radixin antisense (these pro-
teins share 100% homology in this region) and TBCGGGTTTT-
GCTAG-3 for the moesin antisense (Amersham, Freiburg, German;}%esults
Each PON was resuspended in serum-free medium and added to the Cu'lg!Efp—ERM cellular distribution in CEM-VBL100 cells
medium every 12 hours at the final concentration ofu2@ for 60 to 72

hours. Every 24 hours, CEM cells were washed and resuspended in fraghexpected, CEM-VBL100 cells expressed high levels of P-gp at
medium supplemented with 20M of each PON. The same region sensgygth the mRNA (Figure 1A) and protein levels (Figure 1B),
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PONs pretreatment and untreatment were used as controls. whereas parental CCRF-CEM cells did not. In contrast, parental £
) ) and CEM-VBL100 cells expressed equal levels of both ezrin and £
P-gp function assays in ERM PON-treated cells moesin, as assessed by both RT-PCR (Figure 1C) and Western blot?

Cell cytotoxicity. Untreated CEM-VBL100 cells and cells pretreated with
sense or antisense PONs were pelleted, resuspended in BM, and seeded in a A
96-well microplate at 5< 10° cells/mL. To evaluate the activity of P-gp, we
treated the cells with 50 ng/mL VBL, 1Qg/mL VRP, or both (VRP was
added 1 hour before VBL). Control experiments were performed by
replicating culture conditions in the absence of drugs. After an overnight
incubation, the microplate was centrifuged, the supernatant was removed,
and the cells were resuspended in Hanks balanced salt solution (Gibco
Laboratories, NY). Thus, the live/dead viability/cytotoxicity test was
performed, following the manufacturer’s instructions (Molecular Probes),
calculating the percentage of dead cells after each treatment.

Efflux and drug retention. Untreated or treated CEM-VBL100 cells
were washed twice with fresh medium and incubated with 50 ng/mL
VBL-Bodipy3® for 15 minutes at 37°C. The samples were then centrifuged
to remove the drug, washed with cold RPMI medium, and incubated in BM
at 37°C for 30 minutes to 2 hours. At the end of efflux times, cells were
washed twice with cold PBS and immediately analyzed with the flow
cytometer. As a positive control for P-gp activity inhibition, untreated
CEM-VBL100 cells were incubated with VRP during the efflux time. The
percentage of drug retention was calculated as the ratio between mean
fluorescence channel (MFC) of each sample at the end of the efflux time and
the MFC detected at the end of drug treatment, times 100.

P-gp

<qRadixin
i focal mi 1Ezrin_
Laser scanning confocal microscopy Moesin

To detect P-gp expression, we attached the cells to polylysine-coated
coverslips and fixed them with freshly prepared 4% formaldehyde in PBS
for 10 minutes at room temperature. After washing in the same buffer, 215 kd —
supplemented with 0.5% BSA (BSA-PBS), cells were incubated with 122 kd —

MRK16 mAb (IgG2a, 25ug/mL; Kamiya Biomedical) for 30 minutes at ——/Egg?xin
room temperature. After washing with BSA-PBS, samples were incubated 79 kd = Moesin

with goat anti-mouse IgG fluorescein-linked antibody (Sigma, St Louis,

MO) for 30 minutes at room temperature. Negative controls were obtained 49.7 kd —
by incubating the samples with 1gG2a isotypic globulins (Sigma). For

double labeling of P-gp and ERM proteins, unfixed cells were first labelegture 1. P-gp expression by CEM-VBL100 cells.  (A) RT-PCR and (B) Western
for P-gp as described above at 4°C. After several washings, cells were fijxéd analyses for P-gp expression on CCRF-CEM (1) and CEM-VBL100 (2) cells.
and permeabilized with cold methanol for 10 minutes and then incubatB@P is expressed on the CEM-VBL100 cell line, derived from CEM cells by selection
with goat anti-radixin, anti-moesin, or anti-ezrin (Santa Cruz) for 3 medium containing 100 ng/mL VBL, and is undetectable in the parental CEM cell

. Aft hi in BSA-PBS | ine at both the mRNA (A) and protein levels (B). (C) RT-PCR and (D) Western blot
minutes at room temperature. er washing In 3 » samples Weo[r?alysis for ERM expression on CCRF-CEM?! and CEM-VBL1002 cells. Both cell lines

incubated with rhodamine-linked rabbit anti-goat 19G (Sigma) for 3@xpressed comparable levels of ezrin, radixin, and moesin (C,D; arrows). GAPDH (A)
minutes at room temperature. Incubations with normal goat Ig (Sigman)d actin (B) levels in the relative lysates are shown.
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analysis (Figure 1D). Moreover, both parental and CEM-VBL100
cells, unlike other CEM cell clones and human primary lympho-
cytes?’:39 expressed detectable and comparable levels of radixin
(Figure 1C,D). The MDR cells continuously underwent giant
uropod and pseudopod formation during culture, and up to 90% of
CEM-VBL100 cells showed P-gp polarization on uropods or
pseudopods, as assessed by immunocytochemistry, immunofluores-
cence, and immuno-scanning electron microscopy (SEM) (Figure
2), suggesting a possible linkage to the actin cytoskeleton. Thus, we
preliminarily assessed in CEM-VBL100 cells the expression and
cellular distribution of ERM. The results showed that ERM were
fuIIy expressed and polarized in this cell line, as assessed by bﬁimnre 3. Distribution ofERM prpteins on CEM-VBL100 cell;. Immunocytochem-
. . . . istry (APAAP, counterstaining with Mayer hemalum) (A) and immunofluorescence (B)
|mmunocyt0chem|stry and |mmun0ﬂuor§sce_nce (Flgure 3) .T alyses in CEM-VBL100 cells for ezrin (left panels), radixin (central panels), and
set of results strongly suggested colocalization and associatioragsin (right panels). Note the extreme level of polarization of all the proteins on
P-gp and ERM proteins in CEM-VBL100 cells. Thus, we perpseudopods or uropods of CEM-VBL100 cells, independent of the detection method
formed a series of experiments aimed to evaluate both colocaliZ8d B3 = 5 »m:

tion and molecular association between P-gp and ERM.

Moesin

e

most important features suggesting a molecular association with
the actin cytoskeleto#:2426-28Thus, we performed coimmunopre
cipitation experiments to assess the level of P-gp association with

First, we evaluated the possible colocalization of P-gp with ERMqh a¢tin and ERM proteins in cytoskeletal/membrane subcellular
proteins in the uropods of CEM-VBL100 cells. Laser scanning, «ione of CEM-VBL100 cells, as compared with those of
confocal microscopy (LSCM) analysis showed a clear colocaliz

i fp ith ERM broteins in th lls (Fi 4AB). Fi gérental CEM cells. P-gp was detectable in immunoprecipitates of
lon o F-gp Wi proteins in these cells (Figure 4A,B). Iguractin, ezrin, radixin, and moesin obtained from CEM-VBL100 cell

4A shows CEM-VBL100 cells double-labeled for P-gp and ezrin q

radixin or moesin. We further analyzed this phenomenon in opticglSates (Figure 5A). These data were confirmed by reciprocal

sections of a defined region of P-gp—ERM colocalization (Figurce0|mrpunopre0|p|tat|on experlmgnts n Wh'Ch szrin, r.a(.jlxm, and
4B). The analysis was performed on each P-gp double staining willpesin were clearly detectable in P-gp immunoprecipitates from
M-VBL100 cell lysates (Figure 5B). This set of experiments

ezrin or radixin or moesin. The results clearly showed that P- : ! “APE
colocalized with all the ERM proteins in the tip of CEM-VBL100SuU9gested that P-gp could be associated with actin directly or
cell uropods. Figure 4B shows 6 magnified representative sectididirectly through ERM proteins and that this association could
of the P-gp—moesin colocalization in the squared region in Figuf@ve an important role in the MDR activity related to P-gp.

4A. A significant moesin—P-gp colocalization was detectable in the
white areas of highly polarized regions. Figure 4B shows the most
internal (upper left) to the most external (lower right) sections of
the uropod double stained for moesin (red) and P-gp (green). Th
intermediate sections, corresponding to the juxta-membrane re
gion, clearly showed a wide overlapping (white) of the moesin—
P-gp staining. These results indicate that, similar to other
ERM-membrane protein colocalizati®hthe specific sites of the
ERM-P-gp colocalization were in the juxta-membrane region of
CEM-VBL100 cells. Notably, the polarized distribution of a B
protein and its colocalization with ERM proteins are the first and

P-gp—ERM colocalization and coimmunoprecipitation
in CEM-VBL100 cells

Figure 4. P-gp colocalization with ERM proteins. (A) Double-staining immunofluo-
rescence and LSCM analysis of P-gp colocalization with ezrin (left panel), radixin
(central panel), and moesin (right panel). White color is the overlapping of green
(P-gp) and red (ERM) signals. Bar = 1 um. (B) A sequence of 6 optical sections
obtained by the confocal analysis of a CEM-VBL100 cell stained for P-gp (green) and

Figure 2. Distribution of P-gp on CEM-VBL100 cells. Control CEM-VBL100 cells
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presented uropoidal formations (arrow) on their surfaces (C, left panel). P-gp
distribution on CEM-VBL100 cells appeared clearly polarized on these structures.
The arrows point to the sites of P-gp polarization in immunocytochemistry (PAP,
counterstaining with Mayer hemalum) (A), immunofluorescence (B), and immuno-
SEM (C) analyses. Bar = 5 um.

moesin (red) in the area of polarization squared in panel A (right panel). The most
internal (upper left) to the most external (lower right) sections of the uropod double
stained for moesin (red) and P-gp (green) are shown. The intermediate sections,
corresponding to the juxta-membrane region, clearly showed a wide overlapping
(white) of the moesin/P-gp staining.
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Figure 5. P-gp association with ERM proteins. (A) Upper panel: Western blotting
for P-gp (arrow) in actin, ezrin, radixin, and moesin immunoprecipitates (IP) from the
cytoskeletal/membrane fraction of CCRF-CEM (1) and CEM-VBL100 (2) cells. P-gp
is clearly detectable in each ezrin, radixin, moesin, and actin immunoprecipitate only
from CEM-VBL100 cells. Western blotting for P-gp in a CD4 immunoprecipitate from
the cytoskeletal/membrane fraction of the same cell types (CD4) was included as a
negative control for P-gp coimmunoprecipitation. Lower panel: Western blotting for
actin, ezrin, radixin, moesin, and CD4 in actin, ezrin, radixin, moesin, and CD4
immunoprecipitates, respectively, from the cytoskeletal/membrane fraction of CCRF-
CEM (1) and CEM-VBL100 (2) cells. To avoid overlapping with Ig heavy chains, actin
and CD4 immunoprecipitates were separated by SDS-PAGE in nonreducing condi-
tions (see “Materials and methods”), followed by blotting with the anti-actin or the anti
CD4 mADb, respectively. The figure shows successful immunoprecipitation of each
tested protein. (B) Western blotting for ezrin, radixin, and moesin in P-gp immunopre-
cipitates from the cytoskeletal/membrane fraction of CCRF-CEM (1) and CEM-
VBL100 (2) cells. Each ERM protein is clearly detectable in P-gp immunoprecipitates
only from CEM-VBL100 cell protein extracts.
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Role of P-gp—ERM-actin association in multidrug resistance
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expression of ERM proteins (Figure 6, right panel), whereas both
the 60-hour and the 72-hour treatments did not affect P-gp
expression, as assessed by Western blot analysis (Figure 6, left and
right panels). However, the 72-hour treatment reduced the viability
of CEM-VBL100 cells (up to 10% of dead cells). For this reason,
we used the 60-hour treatment approach to perform experiments
aimed at evaluating the effects of antisense PON pretreatment on
P-gp function. The effect of the treatment with the antisense PONs
on CEM-VBL100 cells was tested using different approaches: (1)
cell susceptibility to the cytotoxic effect of VBL, (2) intracellular
retention of VBL-bodipy, (3) expression and cellular localization of
P-gp, and (4) P-gp association with actin. The treatment of
multidrug-resistant CEM-VBL100 cells with VBL was almost
ineffective, whereas it induced a dramatic effect on the CCRF-
CEM parental cell line (up to 70% cell death), as assessed by the
live/dead viability/cytotoxicity test (Figure 7A). The ERM anti-
sense PON pretreatment recruited VBL susceptibility (VBL-
induced cell death) in CEM-VBL100 cells at levels comparable to
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We performed experiments aimed at evaluating the specific role of
ERM proteins in P-gp—mediated multidrug resistance. In these
experiments, we treated CEM-VBL100 cells with antisense PONs
complementary to the first 15 nucleotides of the coding region of
ezrin/radixin (these proteins display 100% homology in this

region) and moesin. We first evaluated the effects of 60 to 72 hours
of PON treatment on both ERM protein expression and viability of

the cells. The results clearly showed that the 60-hour treatment with
the antisense PONs markedly inhibited the expression of ERM
proteins in CEM-VBL100 cells (Figure 6, left panel) and the

72-hour treatment with the antisense PONSs virtually abrogated the
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Figure 6. Effects of antisense PONs on ERM expression. Western blotting on
membrane/cytoskeleton fraction of sense (s) or antisense (as) PON-treated or
-untreated (c) CEM-VBL100 cells after a 60-hour (left panel) or a 72-hour (right panel)
treatment. In both panels, 1 of 5 representative experiments is shown. Actin levels in
the relative lysates are shown.

Figure 7. Effects of antisense PONs on P-gp activity. (A) The percentage of dead
CEM-VBL100 cells untreated ((J) or pretreated with sense (Z) or antisense (H)
PONSs, or parental CCRF-CEM cells (&), and then treated with vinblastine (vbl),
verapamil plus vinblastine (ver/vbl), or nothing (ctr), using the live/dead viability/
cytotoxicity test (Molecular Probes). Histograms represent mean =+ SD of 5 different
experiments. In antisense-treated cells only, VBL susceptibility was significantly
restored, at levels comparable to those in the parental CCRF-CEM line. (B) Flow
cytometric analysis of percentage of drug retention in untreated ([J) or antisense
PON-treated (Z) CEM-VBL100 cells. Cells were incubated with VBL-bodipy (see
“Materials and methods”), washed, and allowed to recover in fresh medium for the
indicated times. As a positive control for P-gp activity inhibition, untreated CEM-
VBL100 cells were incubated with VPL during the efflux time (H). The percentage of
drug retention was calculated as the ratio between the MFC of each sample at the
end of the efflux time and the MFC detected at the end of drug treatment, times 100.
(C) Confocal microscopy analysis of VBL-bodipy retention in ERM sense (left panel)
and antisense (right panel) PON-treated CEM-VBL100 cells in 1 of 5 representative
experiments. The insets show magnifications of the cells pointed by the arrowheads,
further illustrating the differences in the drug distribution between ERM sense and
antisense treatments. Bar = 10 um.
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those in the parental CCRF-CEM cells (Figure 7A). Thus, wa few reports have indirectly suggested the involvement of this
evaluated the drug retention in ERM antisense PON-treated céfiteraction in multidrug resistanc¢&2? In fact, it has been shown
as compared with untreated controls. The results showed that P@Idt actin-perturbing agents, such as cytochalasin, enhance the
pretreatment induced a marked reduction of the P-gp—mediaiattacellular accumulation of drugs in leukemia céfisMore
efflux of VBL-bodipy from CEM-VBL100 cells, resulting in a 2- to recently, it has been reported that MDR osteosarcoma cells exhibit
3-fold increase in drug retention as compared with untreatedmarked increase in actin stress-fiber organization. This finding
controls, as assessed by fluorescence-activated cell sorting analygis consistent with the increase in the drug’s intracellular accumu-
(Figure 7B). Moreover, LSCM analysis showed a clear increaseldtion and cytotoxic effect through disruption of the stress-fiber
the retention as well as in the intracellular compartmentalization gétwork induced by actin perturbatiéhThese studies suggested
the drug in the antisense PON-treated as compared with the sehg@the organization of cellular actin associated with differentiation
PON-treated cells (Figure 7C). Untreated controls did not shaway be involved in the expression of P-gp function and in the
any difference as compared with the sense PON-pretreated cghgelopment of multidrug resistance. There is growing evidence
(not shown). These data are highly consistent with a markeght the actin-filament association with a variety of cellular proteins
variation in the P-gp distribution pattern in antisense PON-treatgd mediated by a class of highly specialized proteins—ezrin,
cells (Figure 8A,B). In fact, in antisense PON-treated cells, thadixin, and moesin—which cross-link actin filaments with the
P-gp staining appeared unpolarized and localized all around {@sma membrane and drive the polarization of a’é&RIn fact,
cell, as assessed by both LSCM (Figure 8A, right panel) angrious cellular functions, such as the formation of microvilli,
immuno-SEM analysis (Figure 8B, lower panels), in comparisas|i—cell adhesion, maintenance of cell shape, cell motility and
with the sense-PON-treated cells (Figure 8A, left panel and Figuigoptosis, as well as membrane trafficking and signaling pathways,
8B, upper panels, respectively) and untreated cells (not showggpend on membrane—cytoskeleton interacti@dsin particular,
These data are consistent with the coimmunoprecipitation exp&fityas been demonstrated that ion pumps, together with other
ments performed on lysates from antisense PON-treated cellsy{Bmprane proteins, are mostly localized in well-established polar-
fact, after the ERM antisense PON treatment, P-gp was no Iongg sites of epithelial cell15The polarization of these pumps is
detectable in the actin immunoprecipitates (Figure 8C, low rigitediated by changes in the distribution and composition of the
lane), strongly suggesting that ERM had a key role in thgoskeletort4 as well as by the direct or indirect association of the
association between P-gp and actin. pump-associated proteins with the actin cytoskeleton through the
ERM proteins®! Notably, the specific alteration of actin—-membrane
interactions profoundly affects cell polarity and is associated with
Discussion some diseases related to aberrant function of ion pdfpkese
data made highly conceivable a possible linkage of P-gp with the
To date, little attention has been directed toward the relati@etin cytoskeleton as a key mechanism in the development of the
between P-gp expression and the actin microfilament system dhdp—mediated multidrug resistance. In a previous paper, we
the possible importance of the actin—P-gp interaction in ttehowed that treatment with IFM-induced in human monocyte-
development of multidrug resistance at the cellular level. Howeveterived macrophages the translocation of P-gp to the plasma

Figure 8. Effects of antisense PONs on P-gp localization and actin association on CEM-VBL100 cells. (A) Immunofluorescence analysis of P-gp cellular distribution in
ERM sense (left panel) and antisense (right panel) PON-treated CEM-VBL100 cells. Arrows (left panel) point to the polarized distribution of P-gp in sense PON-treated cells; in
contrast, antisense PON—treated cells (right panel) did not show any feature of polarization, together with an altered P-gp distribution on the cell surface. Bar = 5 um. (B)
Immuno-SEM analysis of P-gp distribution in ERM sense (upper panels) and antisense (lower panels) PON-treated CEM-VBL100 cells. The polarized morphology of sense
PON-treated CEM-VBL100 cells (arrows, upper left panel) was completely lost after antisense PON treatment (arrows, lower left panel). Consistently, P-gp distribution, highly
polarized on uropoidal formations (arrows, upper right panel), was clearly altered and unpolarized in antisense PON-treated cells (arrows, lower right panel). No appreciable
labeling was detected in control conjugate samples incubated with irrelevant mAb. Bar = 5 pm. In both (A) and (B), 1 of 5 representative experiments is shown. (C)
Coimmunoprecipitation analysis of CEM-VBL100 cells pretreated with sense (1) or antisense (2) ERM PONSs. Actin immunoprecipitates were separated by SDS-PAGE in
nonreducing (upper panel) or reducing (lower panel) conditions (see “Materials and methods”) and blotted with anti-actin or anti—-P-gp mAb, respectively.
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membrane, where it polarized and colocalized with eZrifhis to fully exert its function. Consistent with this hypothesis, we
suggested both a role of P-gp—ERM-actin interaction in trghowed that treatment with ERM antisense oligonucleotides re-
physiologic function of a cell and the implication of this interactiorcruited the sensibility of a human lymphoblastoid cell line,
in the development of multidrug resistance. The results of o@EM-VBL100 cells, to the toxic effect of drugs, consistent with the
present investigation clearly show that in a P-gp—expressirighibition of the P-gp—mediated pump, the intracellular retention of
multidrug-resistant human lymphoid T-cell line, P-gp polarizedhe drugs, and the unpolarized redistribution of P-gp on the cell
colocalized, and coimmunoprecipitated with ERM proteins amslrface. Finally, the ERM antisense oligonucleotide treatment
actin. As a direct consequence of this interaction, P-gp cleamyrtually abrogated the P-gp linkage to actin, further suggesting that
polarizes on cellular uropods. These findings are highly consistétiRM proteins have a key role in the actin—P-gp association and, as
with data of other authors independently showing the localizatiendirect consequence, in the P-gp—mediated function. This set of
of ERM and actif® and P-gp®*’ in well-defined membrane results strongly suggests the following: (1) The polarized state is
structures, such as caveolae or microdomains. This in turn miegy for P-gp—mediated function, particularly in rendering a cell of
suggest that P-gp—ERM-actin interaction has a key role in localigmphoid origin resistant to drug treatment; and (2) the association
ing P-gp in well-defined membrane sites. The polarization of @ P-gp with actin through the ERM proteins is crucial for the
protein on cellular cues or uropods has been related to a sortestablishment and maintenance of P-gp polarization and, as a direct
economy of the cefi220n the basis of this hypothesis, a cell, taconsequence, for the development of multidrug resistance.
develop a given function, concentrates membrane molecules inTogether, our data define for the first time a clear association
defined sites instead of increasing protein synthesis. These shesveen P-gp and the actin cytoskeleton through ERM proteins and
correspond to constitutively polarized points in immobile cells dramatic inhibition of the P-gp—mediated multidrug resistance
such as epithelial cells, and uropods in trafficking cells, such after specific inhibition of ERM synthesis. Research on new
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lymphocytes and monocytes. In these cells, the uropods are thelecules or gene-therapy strategies aimed at selectively modulat-
most probable contact sites with either other cells or extracellulamg membrane—cytoskeleton associations and the P-gp-mediateds
matrix component8:?2 Our results and previous reports onmultidrug resistance, to improve the efficacy of both antitumor and £
epithelial cell§8-%0strongly suggest that P-gp needs to be polarizeahtiviral treatments, may stem from the results of this study. S
3
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