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Lipid rafts are highly ordered membrane domains rich in
cholesterol and sphingolipids that provide a scaffold for
signal transduction proteins; altered raft structure has also
been implicated in cancer progression. We have shown that
25 �M 10-(octyloxy) decyl-2-(trimethylammonium) ethyl
phosphate (ODPC), an alkylphospholipid, targets high cho-
lesterol domains in model membranes and induces apopto-
sis in leukemia cells but spares normal hematopoietic and
epithelial cells under the same conditions. We performed a
quantitative (SILAC) proteomic screening of ODPC targets
in a lipid-raft-enriched fraction of leukemic cells to identify
early events prior to the initiation of apoptosis. Six proteins,
three with demonstrated palmitoylation sites, were reduced
in abundance. One, the linker for activation of T-cell family
member 2 (LAT2), is an adaptor protein associated with lipid
rafts in its palmitoylated form and is specifically expressed
in B lymphocytes and myeloid cells. Interestingly, LAT2 is
not expressed in K562, a cell line more resistant to ODPC-
induced apoptosis. There was an early loss of LAT2 in the

lipid-raft-enriched fraction of NB4 cells within 3 h following
treatment with 25 �M ODPC. Subsequent degradation of
LAT2 by proteasomes was observed. Twenty-five �M ODPC
inhibited AKT activation via myeloid growth factors, and
LAT2 knockdown in NB4 cells by shRNA reproduced this
effect. LAT2 knockdown in NB4 cells also decreased cell
proliferation and increased cell sensitivity to ODPC (7.5�),
perifosine (3�), and arsenic trioxide (8.5�). Taken together,
these data indicate that LAT2 is an early mediator of the
anti-leukemic activity of alkylphospholipids and arsenic tri-
oxide. Thus, LAT2 may be used as a target for the design of
drugs for cancer therapy. Molecular & Cellular Proteom-
ics 11: 10.1074/mcp.M112.019661, 1898–1912, 2012.

The development of resistance to drugs that inhibit signal-
ing pathways in cancer cells has emerged as a major limita-
tion of targeted therapy. While the major mechanism of ac-
quired resistance is the emergence of additional mutations or
growth factor receptor overexpression (1), recent studies have
shown an interesting mechanism of constitutional resistance
to epidermal growth factor receptor inhibitors in breast cancer
cells, which involves structural alterations in lipid rafts and is
independent of the kinase itself (2).

Lipid rafts or membrane rafts are highly ordered membrane
domains that are rich in cholesterol and sphingolipids which
function by compartmentalizing diverse cellular processes (3, 4),
including signal transduction (5–7). Emerging evidence associ-
ates altered raft structure with cancer progression (8–10).
Therefore, the development of therapeutic strategies for dis-
rupting raft-based cell signaling in cancer represents a poten-
tially useful approach. We and others have presented evidence
that alkylphospholipid (APL)1 drugs target raft structure in leu-
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ticas de Ribeirão Preto, Universidade de São Paulo, 14040-903, Ri-
beirão Preto, SP, Brazil; §§Departamento de Química, Faculdade de
Filosofia Ciências e Letras de Ribeirão Preto, Universidade de São
Paulo,14040-901, Ribeirão Preto, SP, Brazil; ¶¶Departamento de
Química, Centro de Ciências Exatas e Tecnologia, Universidade Federal
de São Carlos, 13565-905, São Carlos, SP, Brazil; ��Fred Hutchinson
Cancer Research Center, Seattle, WA 98109; aDepartamento de Bio-
química e Imunologia, Faculdade de Medicina de Ribeirão Preto, Uni-
versidade de São Paulo, 14049-900, Ribeirão Preto, SP, Brazil

Received April 13, 2012, and in revised form, September 18, 2012
Published, MCP Papers in Press, September 22, 2012, DOI

10.1074/mcp.M112.019661

1 The abbreviations used are: AML, acute myeloid leukemia; APL,
alkylphospholipid; ATO, arsenic trioxide; DMSO, dimethyl sulfoxide;
DRM, detergent-resistant membrane; DT, doubling time; GR, growth
rate; LAB, linker for activation of B-cells; LAT2, linker for activation of
T cells-2; MCD, methyl-�-cyclodextrin; MGF, myeloid growth factor;
NTAL, non-T-cell activation linker; ODPC, 10-(octyloxy) decyl-2-(tri-
methylammonium) ethyl phosphate; RP, ribosomal proteins.

Research
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

1898 Molecular & Cellular Proteomics 11.12



kemia (11) and lymphoma cells (12). One such APL, perifosine,
is currently in clinical trials as an anti-cancer therapeutic agent
(13).

We demonstrated that 10-(octyloxy) decyl-2-(trimethylam-
monium) ethyl phosphate (ODPC) targets high cholesterol
raft-like domains in model membranes and induces apoptosis
in leukemia cells, with an effective dose of 25 �M after 24 h in
NB4 cells, but has no effect on normal hematopoietic and
epithelial cells under the same conditions (11).

Here we present evidence based on quantitative proteo-
mics (14) that the APL ODPC targets proteins recovered in a
lipid raft-enriched fraction of leukemic cells. Proteins with
predicted palmitoylation sites located in lipid rafts are re-
duced in abundance after treatment with ODPC. We provide
evidence that an adaptor protein for cell signaling, linker for
activation of T-cells-2 (LAT2)/non-T-cell activation linker
(NTAL)/linker for activation of B-cells (LAB) (15), is involved in
early events of ODPC anti-leukemic activity. Additionally, we
show that LAT2 knockdown cells obtained with shRNA have
suppressed AKT activation, decreased cell proliferation, and
increased cell sensitivity to drugs such as ODPC, perifosine,
and arsenic trioxide (ATO), indicating that LAT2 is a potential
target for the design of drugs for cancer therapy.

EXPERIMENTAL PROCEDURES

Cell Culture and Viability Measurements—The human cell lines NB4
(acute promyelocytic leukemia) (16), U937 (histiocytic lymphoma with
myeloid markers) (17), and K562 (chronic myeloid leukemia in blast
crisis) (18) were cultured at 37 °C with 5% CO2 in RPMI 1640 medium
supplemented with 10% fetal bovine serum. Cell viability was deter-
mined via trypan blue assay, and only cultures with �95% viability
were used. ODPC was synthesized as described elsewhere (11, 19)
and tested at 25 �M concentration for 3, 6, 12, and 24 h with phos-
phate buffered saline (PBS) as the vehicle control. Apoptotic events
were detected via annexin-V and propidium iodide assays using flow
cytometry (11). All cell lines were purchased from the American Tissue
Culture Collection (Rockville, MD). Perifosine was purchased from
Selleck Chemicals (Houston, TX) and dissolved in PBS. The effective
dose (ED50) of perifosine for the inhibition of 50% of the proliferation
of leukemic cells was determined by means of median dose effect
analysis using commercially available software (Calcusyn) (Biosoft,
Ferguson, MO) (20).

Effect of ODPC on the PI3K/AKT Pathway—NB4 cells were main-
tained serum-free overnight (18 h). ODPC (25 �M), Wortmannin (1 �M)
(positive control for inhibition of phosphoinositide 3-kinase (PI3K)), or
PBS (negative control) was then added for 15 min, and cells were
stimulated with a mixture of myeloid growth factors (10 ng/ml each of
hr-IL-3, hr-GM-CSF, hr-FLT3-L, and hr-SCF) (PeproTech, Mexico
City, Mexico). Aliquots were removed 5, 15, and 30 min after stimu-
lation, and phosphorylation of Ser 473 of AKT was measured via
Western blotting.

Effect of the Inhibition of Palmitoyl Transferase and Cholesterol
Depletion on LAT2—Palmitoyl transferases were inhibited via the
incubation of NB4 cells with 100 �M 2-bromopalmitic acid (2-BrPA)
(Sigma, St. Louis, MO), or its vehicle (0.1% v/v dimethyl sulfoxide
(DMSO)) as a negative control, for 1 h to deplete palmitoyl residues in
raft proteins (21). The cells were collected after 3, 6, 12, and 24 h. For
cholesterol depletion, 2.5 � 105 cells were treated with 2.5 mg/ml
methyl-�-cyclodextrin (MCD) (product number C4555, lot number
054K01461V; Sigma) for 30 min in serum-free medium (22). After

incubation the cells were washed three times with PBS and sus-
pended in complete culture medium containing 25 �M ODPC or PBS
as a vehicle control.

Effect of Proteasome Inhibition on APL Induction of LAT2 Degra-
dation—NB4 cells were treated with 10 �M MG132 (Sigma) or 0.1%
DMSO (v/v) as a vehicle control for 3 h. Cells were then treated with
25 �M ODPC or PBS as a vehicle control and harvested at 3, 6, 12,
and 24 h for LAT2 analysis via Western blotting. Alternatively, NB4
cells were treated with 5 �M MLN9708 (Selleck Chemicals, Houston,
TX) for 30 min or 0.1% DMSO (v/v) as a vehicle control and then
exposed to 25 �M ODPC or 25 �M perifosine or PBS as a vehicle
control and harvested at 3, 6, 12, and 24 h for LAT2 analysis via
Western blotting.

Caspase-3 Activity Assay—The tetrapeptide Asp-Glu-Val-Asp
(DEVD), modified by N-acetylation of the N terminus and with p-
nitroanilide (pNA) to form an alpha peptide bond with the C-terminal
aspartic acid residue (Sigma), was used as a substrate. DEVD-de-
pendent protease activity was determined via spectrophotometric
measurement of pNA at 405 nm released from the substrate. Caspase
activity is reported as nmol substrate hydrolyzed/min. Briefly, follow-
ing the induction of apoptosis, between 1 � 106 and 2 � 106 cells
were rinsed twice with PBS, resuspended in lysis buffer (50 mM

HEPES, 100 mM NaCl, 0.1% Chaps, 1 mM DTT, 100 �M EDTA, pH
7.4), incubated on ice for 5 min, and centrifuged at 20,000 � g for 30
min at 4 °C, and the supernatants were denoted total cell lysates (held
on ice until use). The protein concentration was determined according
to the Bradford method (Bio-Rad, Hercules, CA), using bovine serum
albumin as a standard. Thirty micrograms of proteins were incubated
with 200 �M substrate for 1 h at 37 °C in reaction buffer (50 mM

HEPES, 100 mM NaCl, 0.1% Chaps, 10 mM DTT, 100 �M EDTA, and
10% glycerol, pH 7.4).

SILAC Labeling—NB4 cells were cultured with SILAC, RPMI 1640
medium Kit (Life Tech, Carlsbad, CA), containing light lysine (natural
L-Lys) or heavy lysine ([U13C-L-Lys) and supplemented with 10% (v/v)
dialyzed fetal bovine serum plus 0.01% (w/v) penicillin/streptomycin
as described elsewhere (14). Cells underwent at least seven duplica-
tion cycles. The “heavy” labeled NB4 cells were treated with 25 �M

ODPC for 3 h, and the “light” labeled NB4 cells were treated with PBS
as a control. For each treatment, 2.0 � 108 cells were used.

Cell Fractionation—For total cell extracts, equal amounts of light
(control) or heavy (ODPC-treated) NB4 cells were mixed, washed
twice with cold PBS, and resuspended in buffer (0.1 ml 25 mM

Tris-HCl pH 8.5, 2% SDS plus a protease inhibitor mixture (product
number P8340; Sigma)). A D-130 tissue homogenizer (Biosystem, São
José dos Pinhais, PR, Brazil) was used at 15,000 rpm for 2 min to lyse
the cells. Lysates were centrifuged at 20,000 � g for 30 min at 4 °C,
and the supernatants were denoted total cell lysates. Lipid raft-
enriched fractions, designated as detergent-resistant membranes
(DRMs), were isolated using a successive detergent extraction
method exactly as described elsewhere (23), except for the use of a
25-gauge needle instead of a Dounce homogenizer to disrupt the
cells. Briefly, NB4 cells were resuspended in buffer M (50 mM HEPES,
pH 7.4, 10 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA plus a protease
inhibitor mixture, 1 mM Na3VO4, 1 mM NaF, and 1 mM Na4P2O7.10
dH2O) and broken by being passed through a 25-gauge needle 20
times and centrifuged at 500 � g for 10 min at 4 °C to pellet nuclei
and intact cells. The supernatant was centrifuged at 16,000 � g for 20
min at 4 °C to pellet membranes. The pellets were resuspended in
buffer A (25 mM MES (2-(N-morpholino)-ethanesulfonic acid), 150 mM

NaCl, pH 6.5) and samples combined with an equal volume of buffer
A containing 2% Triton X-100 and protease inhibitor. Samples were
incubated on ice for 60 min and centrifuged at 16,000 � g for 20 min
at 4 °C, and the supernatant (the Triton-soluble material) was desig-
nated as DSM. Pellets were rinsed briefly with buffer A and resus-
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pended in buffer B (10 mM Tris-Cl, pH 7.6, 150 mM NaCl, 60 mM

�-octyl glucoside and phosphatase and protease inhibitor). Samples
were incubated on ice for 30 min and centrifuged at 16,000 � g for 20
min at 4 °C, and supernatants were collected as the lipid raft-enriched
fraction that was designated as DRM. Western blot analysis was
performed to determine the level of efficacy of enrichment with the
lipid raft marker Lyn, the non-raft marker Ergic-53, and the nucleus
marker histone H4.

Sucrose Density Gradient Centrifugation—NB4 cells (4 � 108) were
washed twice with cold PBS and lysed in 2 ml of 25 mM MES buffer
(pH 6.5), 150 mM NaCl containing a protease inhibitor mixture (prod-
uct number P8340; Sigma), and 1% Triton X-100 for 30 min at 4 °C.
Cells were disrupted by being passed through a 25-gauge needle 20
times followed by use of a D-130 tissue homogenizer (Biosystem)
(15,000 rpm) for 2 min. The suspension of disrupted cells was then
centrifuged at 500 � g for 10 min at 4 °C to pellet nuclei and intact
cells. About 1 ml of supernatant was layered onto a continuous
sucrose density gradient (0%–63% (w/v), 13 ml) in 25 mM MES buffer
(pH 6.5) containing 150 mM NaCl, and centrifugation was carried out
for 4 h at 180,000 � g using a Hitachi vertical rotor (P65VT3) at 4 °C.
Fractions of 1 ml were collected and assayed for protein content and
refractive index. The protein concentration was determined according
to the Bradford method (Bio-Rad) using bovine serum albumin as
standard. Five micrograms of protein from each fraction were sub-
jected to SDS-polyacrylamide gel electrophoresis and Western blot
analysis.

LC-MS/MS Analysis—The proteins present in the total protein ex-
tract or DRM fraction were partially separated by 12.5% SDS-PAGE.
Each lane was cut into 6 or 10 pieces, washed, and digested with
trypsin as described elsewhere (24). Tryptic peptides were succes-
sively extracted with 0.1% formic acid and 50% acetonitrile and then
70% acetonitrile and dried with a SpeedVac apparatus (Thermo Sci-
entific, Marietta, OH). Peptide mixtures were dissolved in 45 �l 4%
acetonitrile, 0.1% formic acid, and 0.5 M urea and analyzed via
LC-MS/MS in a nanoflow reversed-phase HPLC system connected to
an LTQ Orbitrap mass spectrometer (Thermo Scientific). Chromatog-
raphy was carried out with an in-house packed 75-�m inner diameter
(New Objectives) � 25-cm long C18 column packed with Magic C18
resin at 250 nl/min with 90 min linear gradients from 5% to 40%
acetonitrile in 0.1% formic acid. MS/MS scans of the five most
abundant doubly or triply charged peaks in the FT-MS scan were
recorded in a data-dependent mode in the linear ion trap (25). Two
additional verification replicate runs were performed using the same
amount of DRM extract mixtures. The data for these replicates were
collected as described above. Peptides and proteins were identified
with the Computational Proteomics Analysis System (26) using the
X!Tandem search engine (January 2007 release) (27) and Peptide
Prophet (28) and Protein Prophet (29) algorithms for the statistical
validation of data and protein grouping. MS data were searched in the
human International Protein Index (IPI version 3.52; 73,950 entries).
Search parameters for tryptic peptides included up to two missed
cleavages, mass allowances of 0.5 Da for fragment ions, fixed cys-
teine modification with carbamidomethylation (�57.02146), variable
methionine oxidation (�15.99491), and variable lysine modification
(�6.020129) to account for both heavy and light SILAC labels. Only
peptides with a Peptide Prophet score above 0.90 and precursor ions
with a delta mass less than 20 ppm were considered for protein
identification and quantification. The list of proteins was generated
with a Protein Prophet cut-off value of 0.9, representing an overall
protein false discovery rate of �2% based on the Protein Prophet
estimate and including proteins identified based on single peptide
hits. Proteins were quantitated as previously described, using the Q3
algorithm to measure SILAC peak intensities (30, 31).

Western Blotting—NB4, U937, or K562 cells were washed twice in
cold PBS; lysed with lysis buffer, 50 mM Tris-HCl, pH 8.5, 2% SDS, 1
mM Na3VO4 containing the protease inhibitor mixture (product number
P8340; Sigma); and homogenized in a D-130 tissue homogenizer
(15,000 rpm) (Biosystems, Sao Jose dos Pinhais, PR, Brazil) for 2 min on
ice. Lysates were centrifuged at 20,000 � g for 30 min at 4 °C, and the
supernatants were designated as total cell lysates. The protein concen-
tration was determined according to the Bradford method (Bio-Rad).
Proteins were submitted to SDS-PAGE and transferred to polyvi-
nylidene fluoride membranes (GE Lifesciences, Pittsburgh, PA). Mem-
branes were blocked with 5% nonfat milk in 0.05% Tween-TBS and
incubated with the specific antibodies. Mouse anti-�-actin (sc-81178),
goat anti-Lyn(44)-G (sc-15G), goat anti-ERGIC-53 (sc-32442), rabbit
anti-histone H4 (H-97) (sc-10810), rabbit anti-AKT 1(5G12) (sc-81435),
rabbit anti-phospho-AKT 1/2/3 (Ser-473) (sc-101629), rabbit anti-PTEN
(C-20)-R (sc-6817-R), and horseradish peroxidase-conjugated second-
ary donkey anti-goat IgG (sc-2033) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit anti-phospho-PTEN (Ser-380/
Thr-382/383) (#9549), rabbit anti-caspase-3 (#9662), rabbit anti-cleaved
caspase-3 (#9661), rabbit anti-PARP (#9542), rabbit anti-cleaved PARP
(#9541), rabbit anti-caspase-7 (#9492), rabbit anti-cleaved caspase-7
(#9491), rabbit anti-caspase-9 (#9502), rabbit anti-cleaved caspase-9
(#9501), rabbit anti-cleaved caspase-8 (#9496), rabbit anti-NTAL/LAB
(#9533), rabbit anti-phospho-S6 ribosomal protein (Ser-235/236)
(#4858), rabbit anti-AKT (#9272), rabbit anti-phospho-AKT (Ser-
473)(#4058), and horseradish peroxidase-conjugated secondary anti-
body goat anti-rabbit IgG were purchased from Cell Signaling (Beverly,
MA). Goat anti-mouse IgG (NA931VS) was purchased from GE Health-
care Life Sciences. The apparent molecular weights reported in the
figures were obtained via comparison with a biotinylated protein ladder
(#7727 and #7075) (Cell Signaling, Beverly, MA). The antibody–protein
complex was detected using ECL Western blotting detection reagents
(GE Healthcare Life Sciences). Western blotting experiments were
quantified with image analysis software (ImageQuant TL) (GE Health-
care Life Sciences).

Lentiviral Transduction for Knockdown of LAT2—Stable NB4 cell
line knockdown of LAT2 was obtained using MISSION lentiviral
shRNA transduction particles (catalogue number SHCLNV-NM_
014146; Sigma) according to the manufacturer’s protocol. The
shRNA sequence against LAT2 used was CCGGGAAGATGAG-
GAATCTGAGGATCTCGAGATCCTCAGATTCCTCATCTTCTTTTTTG
(TRCN0000129029). MISSION TurboGFP™ Control Transduction
Particles (Sigma) were used as a control for transduction efficiency.
Empty vector virus (pLKO.1, catalogue number SHC003V; Sigma)
was used as a negative control for LAT2 knockdown. RPMI 1640
medium was used for viral transduction of NB4 cells in the presence
of polybrene (8 �g/ml) (Sigma). NB4 cells were transduced at a
multiplicity of infection of 0.25. After 16 to 18 h, cells were cultured in
fresh medium, and 1 week after transduction cells were selected with
puromycin (3 �g/ml) (Sigma) for 1 week to obtain a stable cell line.
Reduced basal LAT2 expression was detected via Western blotting
after puromycin selection. NB4 cells transfected with an empty vector
maintained the same behavior as the parental nontransfected NB4
cell line and were used as NB4 wild type cells (NB4 WT) in all
comparisons with the NB4 LAT2 knockdown (NB4 LAT2KD) cell line.

Effect of LAT2 on AKT Activation—NB4 WT and NB4 LAT2KD cells
were maintained serum-free overnight (18 h). Cells were assayed via
trypan blue exclusion assay, and only cultures with viability � 95%
were used. Cells were stimulated with a mixture of myeloid growth
factors (10 ng/ml each of hr-IL-3, hr-GM-CSF, hr-FLT3-L, and hr-
SCF) (PeproTech, Mexico City, Mexico). Aliquots were obtained at 5
and 15 min after stimulation and assayed for AKT phosphorylation at
Ser 473 (product number 4058; Cell Signaling) via Western blotting.
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Population Doubling Assay of NB4 WT and NB4 LAT2KD Cells—On
day 0, the cell concentrations of exponentially growing NB4 WT and
NB4 LAT2KD cells were determined in a Coulter counter (T890 auto-
matic cell counter) (Beckman Coulter, Brea, CA), and cells were then
plated in 25 cm2 culture flasks in triplicate at a cell concentration of
5 � 105 cells/ml with a final volume of 5 ml, where they were cultured
for a total of 10 days. At 48-h intervals, the cells were counted and
re-plated in fresh flasks under the same conditions. Nonlinear regres-
sion analysis was used to determine the doubling time (DT) and the
growth rate (GR) of both cell lines. DT is defined as the time in hours
needed for one population doubling, and GR is the number of dou-
blings in 1 day. DT values were determined using Graph Pad Prism 5
software (GraphPad Software, Inc., La Jolla, CA) to carry out nonlin-
ear regression using the least squares method and the exponential
growth equation as a model. The comparison of the two growth rates
was made via the extra sum-of-squares F test.

The values of the cell concentrations determined each 48 h were
used as inputs for y, and y0 was fixed at 5 � 105 cells/ml. The
constant k was equal to the GR that was reported as an inverse of
time and was calculated by the equation: y � yo.exp�kx�, where x is the
time. The value of DT was a transformation of the growth rate:

DT �
In 2

k
Dose-effect Analysis with Arsenic Trioxide, ODPC, or Perifosine on

NB4 WT or NB4 LAT2KD Cells—For the measurements of cytotoxicity
we used the Annexin V apoptosis detection kit APC (e-Biosciences,
San Diego, CA) as recommended by the manufacturer. We acquired
the samples using a FACSCalibur flow cytometer (BD Biosciences,
Heidelberg, Germany) and analyzed the data using FlowJo software
(TreeStar Inc., San Carlos, CA). We considered a toxic effect to be
indicated by the externalization of phosphatidylserine (annexin-posi-
tive cells) and/or the loss of plasma membrane integrity (propidium
iodide-positive cells). The double negative fraction of cells was con-
sidered not affected. NB4 WT or NB4 LAT2KD in exponential growth
were plated in 24-well plates at a density of 5 � 105 cell/ml with a final
volume of 1 ml per well. Cells were treated for 24 h with ATO at final
concentrations of 0.0625, 0.125, 0.25, 0.5, 1, 2, and 4 �M; ODPC at
6.25, 12.5, 25, 50, and 100 �M; and perifosine at 2.5, 5, 10, 20, and 40
�M. Dose-effect analysis is based on the median effect equation of
Chou and Talalay (32). We used the Calcusyn software (Biosoft Inc.,
Cambridge, UK) to calculate the data and create a dose-effect table
and graphics for each drug in each cell line. The effective-dose 50%
(ED50), the 95% confidence interval (95% CI), and the regression
coefficient (r) are reported.

RESULTS

Induction of Apoptosis in NB4 and U937 Leukemia Cells by
ODPC—In order to identify the early events of ODPC treat-
ment of acute myeloid leukemia (AML) cells, we determined
the time of appearance of some of the proteins that partici-
pate in apoptosis after treatment with 25 �M ODPC. The
concentration of ODPC used was the ED50 for these cells for
24 h (11). In a time course study, NB4 (acute promyelocytic
leukemia cells) and U937 (myelomonocytic leukemic cells)
were treated with 25 �M ODPC, initiating apoptosis after 6 h,
based on caspase activation (caspase-3, -7, -8, and -9) as
indicated by Western blotting (Fig. 1A) and caspase-3 enzyme
activity (Fig. 1B). These results were also confirmed by mea-
suring annexin-V and propidium iodide staining using flow
cytometry in NB4 cells (Fig. 1C). In contrast, there was no
evidence of apoptosis following treatment of the K562 chronic

myeloid leukemia cell line with 25 �M ODPC for up to 24 h
(Figs. 1A and 1B). To identify changes in protein abundance
induced by ODPC, we carried out mass spectrometric anal-
ysis of stable isotope-labeled proteins of a lipid raft-enriched
membrane fraction from NB4 cells.

Isolation of the Lipid Raft-enriched Detergent-resistant
Membrane Fraction from NB4 Cells—DRMs were isolated on
the basis of their differential detergent solubility (23) (see Fig.
2A). The selectivity of the method is demonstrated in Fig. 2B
by the low level of cross-contamination in blots prepared
with antibodies to LYN, a specific marker of lipid rafts (33),
to ERGIC-53, a marker of endoplasmic reticulum Golgi in-
termediate compartment (34), and to the nuclear marker
histone H4 (35).

Quantitative Proteomics of Identified ODPC Targets in De-
tergent-resistant Membranes—Cultured cells were grown
with SILAC reagents (with complete incorporation of labeled
amino acids) before ODPC treatment. Mass spectrometry was
used to identify the proteins whose abundance was modified
by ODPC treatment. A 3-h exposure to 25 �M ODPC was used
because apoptosis had not yet been initiated at that early time
(Figs. 1A and 1B). Both the whole cell lysate and the DRM
fraction were analyzed via GEL-LC-MS/MS, and 1842 pro-
teins were identified with less than a 2% false discovery rate
based on Protein Prophet Algorithm estimations (supplemen-
tal Table S1). Fig. 2C shows that a total of 621 proteins were
identified exclusively in the DRM fraction extract (i.e. not in the
total cell extract) and that 721 proteins were identified exclu-
sively in the total cell extract. The fact that only 500 proteins
were detected in both extracts was somewhat surprising,
given that the DRM fraction was prepared from the total cell
lysate. Cellular compartment ontology of proteins was used to
identify proteins exclusively in the total cell extract, exclu-
sively in the DRM fraction, or in both fractions. Annotation was
obtained with Ingenuity Pathway Analysis software. The DRM
fraction sub-proteome was, as expected, relatively enriched
with membrane and membrane-associated proteins relative
to the total cell lysate (Fig. 2D).

For quantitative analysis based on a discovery SILAC ex-
periment, proteins were considered to be regulated only if at
least two lysine-containing tryptic peptides were identified
with peptide prophet scores � 0.90 and the ratio of ODPC-
treated versus non-treated NB4 cells was greater than 2-fold.
Based on these criteria, ODPC treatment increased the abun-
dance of only one protein in the total cell extract, small nu-
clear ribonucleoprotein. In contrast, six proteins were signifi-
cantly decreased in abundance in the DRM fraction after
ODPC treatment, as shown in Table I. Two additional repli-
cates were performed for verification purposes. The replicates
confirmed a significant decrease in abundance (�1.3-fold) of
all six proteins initially selected in the discovery SILAC exper-
iment. The proteins reduced in abundance were two ribo-
somal proteins (RPL23 and RPL38), one ATP-dependent pro-
tease (CLPP), one membrane chlorine channel (CLIC1), one
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FIG. 1. Kinetics of apoptosis induced in leukemia cells by treatment with ODPC. A, apoptosis was initiated within 6 h of exposure to
25 �M ODPC in AML cell lines. Antibodies were used to detect activated caspases, pro-caspase, or cleaved fragments. B, colorimetric
caspase-3 activity assay using the specific peptide substrate (AcDEVD-pNA) for activated caspase-3. Measurements were carried out
using 30 �g total protein; p � 0.05 compared with control (analysis of variance). C, annexin V and propidium iodide staining was measured
via flow cytometry of NB4 cells. The K562 cell line showed a pattern of resistance compared with the U937 and NB4 cell lines (A and B).
On the basis of these results, we used NB4 cells treated with 25 �M ODPC for 3 h to perform the proteomic screening. Arrows indicate
the cleaved fragments.
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adaptor protein for signal transduction named LAT2, and one
Splicing factor 3A subunit 1 (SF3A1). A complete summary of
our quantitative data analysis based on SILAC is presented in
supplemental Table S2.

Of these six downregulated proteins, only LAT2 has been
identified as a lipid raft protein (36). LAT2, RPL23, and CLIC1
contain sites of palmitoylation (37, 38), a post-translational
modification that is believed to target proteins to lipid rafts.
Furthermore, when these six proteins were evaluated with
respect to tissue expression using BioGPS (39), LAT2 was
shown to be specifically expressed in hematopoietic tis-
sues. In these analyses, the normal counterparts of B-acute
lymphoblastic leukemia, AML, and myelomonocytic leuke-
mia presented LAT2 mRNA expression levels almost 100

times greater than the basal gene expression (supplemental
Fig. S1). LAT2 was selected for in-depth study as a target of
ODPC on the basis of these considerations.

LAT2 as a Target of APLs—LAT2, an adaptor protein for
signal transduction in lipid rafts of mast cells (40), was reduced
in abundance by treatment of NB4 cells with ODPC (Table I) and
in U937 cells, based on Western blotting. However, LAT2 was
not detected in K562 cells (Fig. 3A), which were relatively more
resistant to ODPC treatment than NB4 and U937 cells (Figs. 1A
and 1B). Perifosine, an APL currently in clinical trials for cancer
treatment, also induced a reduction of LAT2 abundance in NB4
and U937 cells (Fig. 3B). Interestingly, ODPC induced a reduc-
tion of LAT2 in the DRM fraction of NB4 cells after only 3 h of
treatment (Fig. 3C). A similar reduction of LAT2 was obtained in

FIG. 2. Isolation of detergent-resis-
tant membrane (DRM) and detergent-
soluble membrane (DSM) fractions
from NB4 cells and the identification
of proteins by proteomics. A, succes-
sive detergent extraction method to iso-
late Triton X-100-resistant membranes
(DRM) that are rich in lipid rafts. B, qual-
ity control Western blots of specific
markers for lipid rafts, non-raft mem-
branes, and nuclear proteins. Lyn, a raft-
associated kinase, appears only in the
DRM fraction; ERGIC-53, an endoplas-
mic reticulum-Golgi network protein, ap-
pears only in the non-raft membranes;
and histone-H4 is present only in the
nuclear fraction. C, number of proteins
identified exclusively in the total cell ex-
tract, the DRM fraction, or both frac-
tions. D, cellular compartment ontology
identified proteins exclusively in the total
cell extract, exclusively in the DRM frac-
tion, or in both fractions. Annotation was
obtained with Ingenuity Pathway Analy-
sis software.
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lipid rafts isolated with a sucrose gradient after 3 h of treatment
with ODPC (Fig. 3D) (41).

Chemically Induced Perturbations of the Structure of Lipid
Rafts Mimic or Potentiate the Effect of ODPC on LAT2—
Palmitoylation of cysteine residues is a post-translational
modification that targets proteins to lipid rafts (42) and is
involved in mechanisms of regulation of signal transduction
(43). There is strong experimental evidence that LAT2 is pal-
mitoylated in vivo (36, 44). We have demonstrated that ODPC
disrupts model lipid bilayers (11). We tested whether other

substances that target lipid rafts would have the same effects
on LAT2 as observed for ODPC in NB4 cells. Indeed, the
depletion of palmitoylated residues in proteins via the inhibi-
tion of palmitoyl protein transferases using 2-BrPA had an
effect very similar to that of ODPC treatment on NB4 cells,
including a reduction of LAT2 and the induction of apoptosis
(Figs. 4A and 4B). Moreover, cholesterol depletion by MCD
significantly increased the effect of ODPC on LAT2 in NB4
cells (Fig. 4C), but MCD alone had no effect on LAT2 levels
and did not induce apoptosis (data not shown).

TABLE I
Lipid raft proteins reduced in abundance by 3 h of treatment of NB4 cells with 25 �M ODPC

IPI Protein Gene
Experimentally validated

palmitoylationa
Ratiob (ODPC

treated/control)
Standard
deviationb

Total quant.
eventsb

IPI00395993 Linker for activation of T-cell
family member 2

LAT2 Yes (36–38) 0.58 0.23 10

IPI00003870 Clp protease proteolytic subunit,
mitochondrial precursor

CLPP No 0.59 0.24 5

IPI00010896 Chloride intracellular channel 1 CLIC1 Yes (38) 0.68 0.15 23
IPI00010153 60S ribosomal protein L23 RPL23 Yes (37) 0.74 0.35 35
IPI00017451 Splicing factor 3 subunit 1 SF3A1 No 0.75 0.26 10
IPI00215790 60S ribosomal protein L38 RPL38 No 0.75 0.10 12

a Experimentally validated palmitoylation is reported in the references cited within parentheses.
b Values obtained from three replicate proteomic experimental experiments.

FIG. 3. Reduction of the abundance of LAT2 by alkylphospholipids. A, Western blot validation (total cell extract) of the effect of ODPC
on LAT2 in NB4 and U937 cells. K562 does not express LAT2. B, Western blots (total cell extract) show the reduction of LAT2 after treatment
with perifosine (10 and 25 �M) in NB4 and U937 cells. C, D, Western blotting of LAT2 in cell fractions of control and ODPC-treated NB4 cells
(25 �M for 3 h). The successive detergent fractionation method was used in C, and the sucrose density gradient centrifugation method was
used in D. DSM, detergent soluble membranes; DRM, detergent resistant membranes.

LAT2 Mediates Alkylphospholipid Anti-leukemic Activity

1904 Molecular & Cellular Proteomics 11.12



LAT2 Is Degraded by Proteasomes Following Treatment
with APLs—The regulation of LAT2 through degradation by
proteasomes has been reported (36). To determine whether
proteasome-mediated degradation follows LAT2 displace-
ment from lipid rafts by ODPC treatment, we exposed NB4
cells to MG132, a potent and specific cell-permeable protea-
some inhibitor, followed by treatment with 25 �M ODPC. LAT2
was accumulated in ODPC-treated cells in the presence of the
proteasome inhibitor MG132, suggesting that ODPC treat-
ment makes LAT2 susceptible to proteasomal degradation
(Fig. 5A). To further evaluate the role of the proteasome in
LAT2 degradation following APL exposure, we used a second
proteasome inhibitor (MLN9708) on ODPC- or perifosine-
treated cells. In these experiments, the presence of MLN9708
caused an accumulation of LAT2 after ODPC (Fig. 5B) or
perifosine (Fig. 5C) treatment, confirming that LAT2 is de-
graded by proteasomes after treatment with APL.

Reduction of the Abundance of LAT2 by ODPC Is Associ-
ated with Inhibition of the AKT Signaling Pathway—There is
evidence that LAT2 functions as an adaptor molecule that
positively regulates mast cell survival by inhibiting the recruit-
ment of protein phosphatases to lipid rafts, leading to AKT
hyperphosphorylation and activation (45). In addition, perifos-
ine has been shown to be an inhibitor of AKT signaling (46).
On the basis of these considerations, we determined whether
ODPC treatment had an effect on the AKT signaling pathway.
Treatment with 25 �M ODPC reduced AKT and phospho-AKT
levels after 3 h of treatment (Fig. 6A). There was no effect on
PTEN, the main negative regulator of the AKT pathway, ex-
cept at 24 h of treatment, and this effect occurred after the
onset of apoptosis. Thus there was no evidence for the re-
duction of PTEN at earlier times. We also observed that the

C-terminal region of PTEN was dephosphorylated after 3 h in
the presence of ODPC (Fig. 6A). C-terminal dephosphory-
lation has been considered as an indicator of PTEN phospha-
tase activity (47) that negatively regulates the AKT pathway.

Given prior evidence linking LAT2 to signaling in myeloid
cells (15, 48), we next determined whether ODPC could impair
AKT activation and alter LAT2 levels as a result of treatment
with myeloid growth factors (MGFs). In order to maintain a

FIG. 4. Chemically induced perturbations of lipid raft structure mimic or potentiate the effect of ODPC on LAT2. Inhibition of protein
palmitoylation by 100 �M 2-bromopalmitic acid (2-BrPA) has an effect on LAT2 abundance (A) and apoptosis induction (B) that is very similar
to that of 25 �M ODPC treatment. NB4 cells were exposed to 2-BrPA. LAT2 abundance was evaluated via Western blot, and apoptosis
induction via annexin-V and propidium iodide staining by flow cytometry at the indicated times. C, cholesterol depletion by methyl-�-
cyclodextrin (MCD) increases the effect of ODPC on LAT2 abundance; however, MCD has a very limited effect when used alone. NB4 cells were
exposed to MCD (2.5 mg/ml) in serum-free medium for 30 min, and subsequently MCD was washed out and complete medium was restored.
LAT2 abundance was evaluated via Western blot at the indicated times.

FIG. 5. LAT2 is degraded by proteasomes after treatment with
alkylphospholipids. A, 3-h treatment of NB4 cells before exposure to
the proteasome inhibitor MG132 (10 �M) prevented the reduction of
LAT2 induced by 25 �M ODPC. B, C, a similar effect was observed
after exposure (30 min) of NB4 cells to the proteasome inhibitor
MLN9708 (5 �M) followed by treatment with 25 �M ODPC (B) or 25 �M

perifosine (C).
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state of hypophosphorylation of AKT, NB4 cells were main-
tained in serum-free medium overnight and were subse-
quently treated with 25 �M ODPC or its vehicle control (PBS)
for 15 min. The functionality of the pathway was tested by the
addition of a growth factor mixture containing 10 ng/ml each
of GM-CSF, IL-3, FLT3-L, and SCF. Analysis of AKT phos-
phorylation at Ser 473, a cancer cell survival signal (49),
showed that ODPC inhibited AKT activation (phosphorylation
at Ser 473) in the first minutes of the test (Fig. 6B) and to the
same extent as treatment with Wortmannin, a classical irre-
versible inhibitor of the upstream kinase PI3K (50). The ab-
sence of AKT activation in ODPC- and Wortmannin-treated
cells was supported by hypophosphorylation of one of its
downstream targets, S6-ribosomal protein (Fig. 6B). The
phosphorylated state of S6-ribosomal protein is essential for
proper translation of proteins by the ribosome (51). In our
experiments, LAT2 was rapidly synthesized after MGF addi-
tion to control-treated cells but suppressed in ODPC- and
Wortmannin-treated cells, suggesting that LAT2 mRNA trans-
lation is a highly regulated process that depends on the AKT
pathway.

The reduction of the abundance of LAT2 and the inhibition
of AKT signaling observed upon treatment with ODPC (Figs.
3A, 3B, and 6B) or perifosine (52) suggest that LAT2 contrib-
utes to the cytotoxic effect of these drugs. To further test this
hypothesis, we created a LAT2 knockdown cell line derived
from NB4 by the stable expression of shRNA that targets

LAT2 expression. Fig. 6C shows a representative Western
blot that confirms the reduction of LAT2 protein by more than
70% in the NB4 LAT2KD.

The Knockdown of LAT2 in NB4 Cells Impairs AKT Activa-
tion by MGF—To further determine whether LAT2 is essen-
tial for AKT activation, we compared the response of NB4
WT with NB4 LAT2KD to AKT activation triggered by MGF.
We observed an absence of AKT phosphorylation at Set 473
in NB4 LAT2KD after the MGF stimulus (Fig. 6D), supporting
the importance of this adaptor protein for AKT activation
(45).

The Knockdown of LAT2 in the NB4 Cell Line Results in a
Reduction of Cell Proliferation—We were able to maintain
NB4 cells as viable despite the LAT2 knockdown. However,
NB4 LAT2KD presented a lower rate of cell proliferation as
determined by a cell population doubling assay. The mean
and 95% CI for the GR, reported as the number of cell
duplications per day, were 0.776 (0.767–0.786) for NB4 WT
and 0.655 (0.641–0.669) for NB4 LAT2KD. The DT was
lower in the parental NB4 cell line (NB4 WT) than in NB4
LAT2KD (Fig. 7A). This result demonstrates that the knock-
down of LAT2 reduces the proliferation potential of NB4
cells, probably by inducing AKT suppression (53, 54).

The Knockdown of LAT2 in NB4 Cells Results in Increased
Sensitivity to the Action of APLs and ATO—Because AKT is a
conserved pro-survival pathway (55), we hypothesized that
the down-regulation of LAT2 and consequent AKT pathway

FIG. 6. Reduction of the abundance of LAT2 by ODPC or LAT2 knockdown by shRNA (shRNA LAT2) is associated with lack of
activation of the AKT pathway. A, ODPC (25 �M) reduced AKT and phospho-AKT levels after 3 h of treatment; however, PTEN was
reduced only at 24 h, when apoptosis was fully installed. ODPC treatment induced a state of hypophosphorylation at the C terminus of
PTEN, which has been reported to be required in order to initiate phosphatase activity (41). B, ODPC inhibited AKT activation by myeloid
growth factors (MGFs) in a manner similar to Wortmannin, a specific PI3K inhibitor. ODPC inhibited the up-regulation of LAT2 induced by
MGFs under the same conditions and inhibited ribosomal S6P phosphorylation induced by MGFs. NB4 cells were maintained serum-free
(SF) overnight, treated with PBS as control with 25 �M ODPC or 1 �M Wortmannin for 15 min, stimulated with an MGF mixture (10 ng/ml
IL-3, GM-CSF, L-FLT-3, and SCF), and harvested at the indicated times. C, LAT2 stable knockdown was obtained from NB4 cells via
lentiviral transduction of shRNA that targets LAT2. D, AKT activation was suppressed in LAT2 stable knockdown NB4 cells. Both cell lines
were maintained SF overnight and subsequently stimulated with an MGF mixture (same as described above) and harvested at the indicated
times.
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impairment might induce a state of increased sensitivity to
drug action, irrespective of the mechanism of action of the
agent. We tested this hypothesis by comparing NB4 WT and
NB4 LAT2KD cell lines with respect to sensitivity to ATO.

Additionally, we compared the sensitivity of the cell lines to
the APLs ODPC and perifosine. Figs. 7B–7D show dose-
response curves for the three agents, based on the dose-
effect equation described by Chou and Talalay (32), and

FIG. 7. LAT2 knockdown NB4 cells (NB4 LAT2KD) have a lower proliferation potential and a higher sensitivity to APLs or ATO. A, NB4
LAT2KD cells have a lower proliferation potential than the parental NB4 cells, as determined by the doubling time, which is higher in NB4 LAT2KD.
B–D, NB4 LAT2KD showed greater sensitivity to apoptosis induction by ATO (B), ODPC (C), and perifosine (D). Values in parentheses indicate the
95% CI.
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show that NB4 LAT2KD presented greater sensitivity to all
three treatments. Values of ED50 and the respective in-
creased sensitivity to the treatment are presented in Table
II. Note that the sensitivity of NB4 LAT2KD cells to these
drugs is 3- to 8-fold greater than that of the NB4 WT
cells.

DISCUSSION

ODPC induces apoptosis in the AML cells NB4 and U937,
but K562 leukemia cells are relatively more resistant. Normal
cells are also resistant to ODPC at the same concentrations
that initiate apoptosis in leukemia cells (11). We have demon-
strated here via a quantitative proteomic analysis that some
lipid raft proteins are reduced in abundance in the DRM
fraction by ODPC treatment. This result illustrates the impor-
tance of the use of subcellular fractionation to enrich and
identify raft proteins. For example, we identified 621 proteins
in the DRM fraction that were not demonstrable in the total
cell extract from which DRM was prepared. The simplest
explanation for this is that the preparation of the DRM fraction
enriched the proteins sufficiently for them to be detected, but
they were too dilute to be detected in the total cell extract.
Quantitative mass spectrometric analysis of the DRM fraction
indicated that LAT2 and five other proteins are potential tar-
gets of ODPC in leukemia cells. In addition, it is important to
emphasize the efficacy of the method recently described by
Adam et al. (25) for obtaining the DRM fraction enriched with
lipid raft proteins.

After the proteomic discovery replication experiments,
LAT2 was selected for extensive study based on its significant
regulation and its specificity for hematopoietic tissues, as
shown in supplemental Fig. S1. LAT2 is a 25- to 30-kDa
transmembrane adaptor protein associated with lipid rafts. It
has been experimentally demonstrated that the location of
LAT2 in the lipid raft is due to a double Cys-palmitoylation at
a C25-V-R-C28 site (36, 44). In myeloid cells and B-cells,
extracellular signals bind to transmembrane receptors, which
trigger LAT2 phosphorylation that recruits signaling molecules
such as Grb2, Gab2, and GADS into receptor-signaling com-
plexes (15, 48). LAT2 function has been studied in detail in
mast cells, in which this protein functions as a negative reg-
ulator of LAT-induced degranulation signals (56). LAT was the

first protein of this family to be described (57). However, the
role of LAT2 in the survival signaling of cancer cells has not
been reported previously. Here, we demonstrated the role of
LAT2 in the early events that induce apoptosis in leukemia
cells by means of functional experiments. We have previously
presented preliminary evidence that ODPC induces a state of
disorganization in the membranes of model systems. Our
experiments with mimetic membrane models indicated that
ODPC has a primary action on the lipid bilayer, and these
effects were more pronounced in liposomes containing cho-
lesterol, a model of lipid raft-enriched membranes (11). Sim-
ilarly, 2-BrPA and MCD were used as tools to induce similar
perturbations of lipid rafts in order to characterize the behav-
ior of LAT2. We showed that 2-BrPA, an inhibitor of palmitoyl
transferase, caused an effect similar to that of ODPC by
reducing the abundance of LAT2 and triggering apoptosis.
MCD, which disrupts lipid rafts by scavenging cholesterol,
potentiated the effect of ODPC on LAT2 abundance. These
results emphasize the importance of the post-translational
modification palmitoylation for stabilizing adaptor proteins in
lipid rafts, as previously reported (58, 59). Our data suggest
that the main effect of ODPC on membranes appears to be
interference with the interaction of lipid rafts and palmitoy-
lated proteins, which leads to an inefficient scaffold for main-
taining signal transduction proteins.

We demonstrated that LAT2 is degraded by proteasomes
after experimentally induced perturbations in lipid raft struc-
ture. Proteasome regulation of protein stability is expected in
the case of a highly regulated protein involved in cell signaling.
Indeed, Brdicka et al. (36) have reported that B-cell receptor
activation in a B-cell line induces LAT2 phosphorylation and
ubiquitination and that the E3-ubiquitin ligase c-Cbl can in-
teract with phosphorylated LAT2 after stimulation of THP-1
cells. Moreover, we consistently detected the appearance of a
lower apparent molecular weight band of LAT2 in ODPC- and
2-BrPA-treated cells before the complete degradation of
LAT2. This same band also increased in the presence of
MG132 or MLN9708, two proteasome inhibitors. This sug-
gests that LAT2 might be first cleaved by a non-proteasome
mechanism that generates a protein with a mass almost 3
KDa lower. Whether this cleaved product has lost its N-ter-
minal portion, including its palmitoylation sites, or repre-

TABLE II
Effective dose 50% (ED50) of ATO, ODPC, or perifosine for the inhibition of the proliferation of NB4 wild type (NB4 WT) and LAT2 knockdown

NB4 (NB4 LAT2KD) cells

NB4 WT NB4 LAT2KD Relative drug
susceptibilitya

ED50 (�M) 95% CIb r ED50 (�M) 95% CIb r NB4 WT/NB4
LAT2KD

ATO 8.76 5.36 to 14.34 0.94 1.03 0.92 to 1.15 0.98 8.50
ODPC 23.49 19.79 to 27.88 0.95 3.12 1.83 to 5.28 0.92 7.53
Perifosine 18.67 16.48 to 21.17 0.97 6.10 4.45 to 8.37 0.91 3.06

a Ratio calculated by averaging ED50.
b 95% CI is the 95% confidence interval for ED50, expressed in �M.
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sents another cleaved product was not determined. How-
ever, the complete loss of LAT2 in the DRM fraction or
lighter membrane fraction from the sucrose gradient after
only 3 h of exposure to ODPC (Figs. 3C and 3D) suggests
that the most probable peptide lost in this LAT2 processing
step is the N-terminal portion that is essential for lipid raft
association.

Although we have confirmed the involvement of LAT2 and
other proteins of the AKT pathway in the process of apoptosis
triggered by ODPC, we cannot conclude that LAT2 is the only
target of ODPC or perifosine, because APLs have a broad
range of actions on diverse cancer subtypes (60) and LAT2 is
an adaptor protein expressed specifically in hematopoietic
cells (15, 48). However, we demonstrated that the down-
regulation of LAT2 by shRNA in NB4 cells mimics the action of
ODPC, impairing AKT activation by MGFs (Fig. 6D). Because
AKT is a well-described pro-survival pathway in cancer cells
(55), we hypothesized that LAT2 down-regulation and conse-
quent AKT impairment might induce cell death or cause re-
duction in cell proliferation. We could maintain NB4 cells as
viable even after a stable reduction of more than 70% of LAT2
protein levels. In fact, NB4 LAT2 knockdown cells exhibited a
lower level of cell proliferation (Fig. 7A) and an increased
sensitivity to APLs and ATO (Figs. 7B–7D). This finding high-
lights LAT2 and possible other adaptor proteins as potential
cancer therapeutic targets.

Most studies of the mechanisms of action of APLs, espe-
cially those using edelfosine, have focused on altered phos-
phatidylcholine biosynthesis as the major mechanism of ac-
tion of the drug (61, 62). In the case of perifosine, the main
focus was on the consequences of AKT signaling inhibition
(63–65). However, our results indicate that cell signaling dis-
ruption by APLs is probably due to a primary action on the
organization of lipids in rafts and that protein function is
consequently altered (Fig. 8). ODPC inhibited AKT activation
in acute leukemia cells by MGFs after a few minutes of incu-
bation in a way similar to that of the specific PI3K inhibitor
Wortmannin. However, there is no evidence that APLs func-
tion as direct kinase inhibitors, although there is evidence that
proper lipid raft assembly is essential for the highly constitu-
tive AKT activity of cancer cells (66). Importantly, we demon-
strated that a lack of LAT2 impairs AKT activation by MGFs in
leukemia cells. This indicates that some adaptor proteins
might be essential for signal transduction in cancer cells and
suggests that ODPC and probably other APLs have their
primary action on cell signaling pathways by inhibiting raft
assembly. A proposed model of the mechanism of action of
APLs is shown in Fig. 8.

Supplementing serum-free culture medium with MGF in-
duced a rapid up-regulation of the expression of LAT2 in
vehicle control-treated NB4 cells. This effect was partially
reduced by ODPC treatment and was suppressed by Wort-
mannin. This rapid up-regulation of LAT2 after exposure to
MGF and its reduction by a PI3K inhibitor suggest that LAT2

mRNA translation depends on a functional AKT pathway.
Indeed, phosphorylation of 4EBP-1 and ribosomal S6 kinase
(RS6K) and up-regulation of cap-dependent translation in the
ribosome is downstream of PI3K/AKT/mTOR (51, 67, 68). To
support this hypothesis, we showed that S6RP, the main
target of RS6K, was hyperphosphorylated by the addition of
MGF to control cells but was hypophosphorylated in the
presence of ODPC or Wortmannin. Additionally, the up-regu-
lation of LAT2 induced by MGF was blocked by two classical
inhibitors of translation (cycloheximide and rapamycin) but
not by a classical transcription inhibitor, actinomycin D (data
not shown). These results suggest that ODPC might have a
direct or indirect inhibitory effect on the translation apparatus.
Interestingly, we have shown here that the ribosomal proteins
(RP) L23 and L38 are reduced in abundance in the lipid raft
fraction of ODPC-treated cells. This finding confirms a previ-
ous report stating that a raft disruption treatment with MCD
causes down-regulation of several RP (69). Moreover, Yang et
al. (38), using a specific chemical approach to evaluate pal-
mitoylated proteins, have reported that palmitoylation might
target ribosome proteins to lipid rafts. They have demon-
strated via immunofluorescence that the ribosomal protein
L10A partially co-localizes with lipid rafts and that 2-BrPA
treatment reverses this association. Whether this represents
only a mechanism that mediates the association between
RP and kinases/phosphatases of lipid rafts, in order to
regulate the function of RP before the final ribosomal as-
sembly, or the physical association between ribosomes and
lipid rafts is not known. This inhibition of translation by
ODPC might be caused by the inhibition of AKT/mTOR
activation or by direct down-regulation of RP in lipid rafts, or
by both mechanisms. This might be associated with the
specificity of ODPC for malignant cells, as previous reports
have linked an altered translational control to the malignant
phenotype (70, 71).

The induction of apoptosis by APLs has been reported to
be predominantly related to Fas/CD95 death receptor activa-
tion in lipid rafts with secondary activation of the extrinsic
caspase pathway (72–74). In the present study we showed
that both intrinsic and extrinsic caspase pathways are acti-
vated after ODPC treatment. This result is consistent with the
report of Chiarini et al. (75) that the proapoptotic action of
perifosine is only partially dependent on Fas/CD95 and is also
mediated by the mitochondrial intrinsic pathway.

Our results are relevant to the mechanisms of action of
APLs. We emphasize the importance of palmitoylation for
cell signaling in lipid rafts and provide evidence that the
APLs, ODPC and perifosine, create a state of disorganiza-
tion of these microdomains that has a profound impact on
cell function. Moreover, lipid raft resident adaptor proteins
that function in signal transduction, here exemplified by
LAT2, emerge as potential therapeutic targets in human
cancer.
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FIG. 8. Proposed mechanism of alkylphospholipid (ODPC)-induced raft-based inhibition of cell signaling. A, lipid rafts are membrane
domains enriched in shingolipids (green) and cholesterol (blue) that serve as a scaffold for signaling through growth factor receptors (purple).
The correct assembly of lipid rafts containing adaptor proteins such as LAT2 and Grb2 is essential for proper signaling of the AKT survival
pathway (shown in A). Alkylphospholipids (ODPC) disrupt the assembly of lipid rafts, displacing raft-associated adaptor proteins. As a result,
signal transduction is inhibited (shown in B). ODPC, 10-(octyloxy) decyl-2-(trimethylammonium) ethyl phosphate; PI3K, phosphatidylinositol
3-kinases; Grb2, growth factor receptor-bound protein 2; LAT2, linker for activation of T-cell family member 2; PTEN, phosphatase and tensin
homolog; PDK1, phosphoinositide-dependent protein kinase 1); AKT, v-AKT murine thymoma viral oncogene homolog 1; PIP2, phosphatidyl-
inositol (3,4)-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate.
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