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The oncogenic fusion protein nucleophosmin-anaplastic
lymphoma kinase (NPM-ALK), found exclusively in a sub-
set of ALK-positive anaplastic large cell lymphoma, pro-
motes tumorigenesis by exerting its constitutively active
tyrosine kinase activity. Thus, characterization of the
NPM-ALK-induced changes in the phosphoproteome will
likely provide insights into the biology of this oncoprotein.
To achieve this goal, we used a strategy of combining
sequential affinity purification of phosphopeptides and
LC/MS. GP293 cells transfected with either NPM-ALK or
an NPM-ALK mutant with decreased tyrosine kinase ac-
tivity (negative control) were used. We identified 506
phosphoproteins detectable in NPM-ALK-expressing
cells but not in the negative control. Bioinformatics anal-
ysis revealed that these phosphoproteins carry a wide
diversity of biological functions, some of which have not
been described in association with NPM-ALK, such as the
tumor necrosis factor (TNF)/Fas/tumor necrosis factor-
related apoptosis-induced ligand (TRAIL) signaling path-
way and the ubiquitin proteasome degradation pathway.
In particular, modulations of the TNF/Fas/TRAIL pathway
by NPM-ALK were supported by our antibody microarray
data. Further validation of the TNF/Fas/TRAIL pathway
was performed in ALK� anaplastic large cell lymphoma
(ALCL) cell lines with knockdown of NPM-ALK using short
interference RNA, resulting in the loss of the tyrosine
phosphorylation of tumor necrosis factor receptor-asso-
ciated protein 1 (TRAP1) and receptor-interacting protein
1, two crucial TNF signaling molecules. Functional analy-
ses revealed that knockdown of TRAP1 facilitated cell
death induced by TRAIL or doxorubicin in ALK� ALCL

cells. This suggests that down-regulation of TRAP1 in
combination with TRAIL or doxorubicin might be a poten-
tial novel therapeutic strategy for ALK� ALCL. These find-
ings demonstrated that our strategy allowed the identifi-
cation of novel proteins downstream of NPM-ALK that
contribute to the maintenance of neoplastic phenotype
and holds great potential for future studies of cellular
tyrosine kinases in normal states and diseases.
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Anaplastic lymphoma kinase (ALK)1-positive anaplastic
large cell lymphoma (ALK� ALCL) is a subtype of T/null cell
non-Hodgkin lymphoma that is characterized by its consistent
expression of CD30 and anaplastic cytology (1). ALK� ALCL
is relatively uncommon among adults, accounting for �3% of
adult non-Hodgkin lymphoma, whereas it is frequent in chil-
dren, representing 10–20% of all lymphoma (2). Approxi-
mately 80% of ALK� ALCL tumors carry the t(2;5)(p23;q35)
chromosomal translocation that fuses the tyrosine kinase do-
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1 The abbreviations used are: ALK, anaplastic lymphoma kinase;
ALK� ALCL, ALK-positive anaplastic large cell lymphoma; NPM, nu-
cleophosmin; SCX, strong cation exchange; PI3K, phosphatidylinosi-
tol-4,5-bisphosphate 3-kinase; STAT, signal transducer and activator
of transcription; ERK, extracellular signal-regulated kinase; mTOR,
mammalian target of rapamycin; MAPK, mitogen-activated protein
kinase; TNF, tumor necrosis factor; DAPK3, death-associated protein
kinase 3; CRADD, CASP2 and RIPK1 domain-containing adaptor with
death domain; AKT, RAC-� serine/threonine-protein kinase; TRAIL,
tumor necrosis factor-related apoptosis-induced ligand; TRAP1, tu-
mor necrosis factor receptor-associated protein 1; RIP, receptor-
interacting protein 1; JAK, Janus kinase; NIPA, nuclear interacting
partner of ALK; JNK, c-Jun N-terminal kinase; FAF1, Fas-associated
factor 1; NRF, NF-�B-repressing factor; GAK, cyclin G-associated
kinase; HB, Histidine-Biotin; SHC, Src homology 2 domain-contain-
ing-transforming protein C1; RFFL:E3 ubiquitin-protein ligase rififylin;
TOPRS:E3 ubiquitin-protein ligase Topors; PTB, Polypyrimidine tract-
binding protein; ATIC, 5-aminoimidazole-4-carboxamide ribonucle-
otide formyltransferase.
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main of ALK with the oligomerization domain of the nucleo-
phosmin (NPM) protein. This chromosomal translocation re-
sults in the formation of the chimeric protein NPM-ALK (3–7).
NPM-ALK has been shown to have propensity to dimerize,
and this process triggers autophosphorylation of NPM-ALK
and results in constitutive activation of the ALK tyrosine ki-
nase. Once activated, NPM-ALK binds, phosphorylates, and
constitutively activates a host of proteins involved in various
cellular signaling pathways, including those of PI3K/RAC-�

serine/threonine-protein kinase (AKT) (8, 9), JAK/STAT (10),
mTOR (11–13), mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase (MEK)/ERK (14), and Ras/
MAPK (15).

As a tyrosine kinase, major attention was drawn to NPM-
ALK in identifying the tyrosine phosphorylation, whereas other
aspects of this oncogenic protein were not fully explored. Two
LC/MS studies were performed previously (16, 17). Using
quantitative LC/MS, Boccalatte et al. (16) reported 47 phos-
phoproteins in a panel of ALK� ALCL cell lines that showed
significant changes in their phosphorylation status upon ALK
inhibition by short hairpin RNA or a tyrosine kinase inhibitor.
Using LC/MS, Rush et al. (17) recently found �70 phospho-
proteins from each of the two ALK� ALCL cell lines, although
whether the phosphorylation of these proteins is related to
NPM-ALK was not determined. In both studies, only phos-
photyrosine-containing proteins were captured by using a
phosphotyrosine antibody immobilized to a solid phase prior
to LC/MS analysis.

However, mounting evidence has shown that NPM-ALK-
induced signaling can culminate in the activation of oncogenic
pathways via regulating serine/threonine phosphorylation
(e.g. mTOR, c-Jun, nuclear interacting partner of ALK (NIPA),
and AKT) (13, 18, 19). It is highly possible that NPM-ALK
induces serine/threonine phosphorylation of downstream tar-
gets through recruitment and activation of various serine/
threonine kinases like previously reported JNK and ERK (12,
18). In this regard, we have reported that NPM-ALK physically
interacts with multiple serine/threonine kinases, including ri-
bosomal protein S6 kinase �-3, serine/threonine/tyrosine ki-
nase 1 (STYK1), serine/threonine-protein kinase PRP4, and
serine/threonine-protein kinase PCTAIRE-3 (20). Therefore,
comprehensive characterization of phosphoproteomic
changes (i.e. serine, threonine, and tyrosine phosphorylation)
induced by NPM-ALK will likely further our understanding of
the pathobiology of NPM-ALK.

Although comprehensive characterization of phosphopro-
teomic changes induced by oncogenic tyrosine kinases (such
as NPM-ALK) is highly useful, this approach is met with mul-
tiple technical challenges. It is intrinsically difficult to detect
phosphoproteins because the phosphopeptides produced
from the phosphoproteins are generally present at a much
lower amount compared with their native counterparts. In an
attempt to overcome this difficulty, several enrichment ap-
proaches that are designed to isolate phosphorylated amino

acid residues have been described, and they include IMAC
through metal complexation with the phosphate group (21–
23), acid-based interaction with titanium oxide (24–28), and
solution charge-based enrichment by strong cation exchange
chromatography (23, 29). Specific capture of phosphopep-
tides is possible by elimination of the phosphate group and
subsequent introduction of an affinity tag (30) or conversion to
methyl ester derivatives (21, 31, 32). In addition, several
groups have combined various ion exchange approaches with
IMAC to further enrich phosphopeptides prior to LC/MS/MS
analysis (33–35). These works and others reported were
mainly focused on improving the enrichment of phosphopep-
tides to facilitate the detection of as many phosphopeptides
as possible. However, because tyrosine residues are present
at much lower concentrations than serine or threonine (i.e.
serine/threonine/tyrosine ratio is 1800:200:1), important pro-
teins carrying phosphotyrosine residues often escape detec-
tion and are under-represented in the final results. To address
this issue, several research groups recently reported the uti-
lization of anti-phosphotyrosine antibodies to specifically en-
rich the phosphotyrosine-containing peptides within the di-
gest (16, 17, 36) or intact protein prior to digestion (32). The
use of anti-phosphotyrosine antibody alone, as used in the
two previous studies of NPM-ALK (16, 17), is prone to non-
specific proteins binding to the anti-phosphotyrosine antibod-
ies, resulting in a high background that may prevent the
detection of the relatively weak signals of phosphotyrosine-
containing peptides. Specific capture of phosphotyrosine-
containing peptides has been enhanced by phosphotyrosine
protein enrichment followed by IMAC (37, 38). Recently, Heck
and co-workers (39) have reported an optimized enrichment
method for phosphotyrosine peptides based on immunoaffin-
ity purification. This method allowed a high level of enrich-
ment; they were able to identify 1112 unique phosphotyrosine
peptides derived from 4 mg of starting materials. However,
biologically important proteins carrying phosphoserine and
phosphothreonine residues were excluded with this ap-
proach. To identify both phosphotyrosine-containing proteins
and phosphoserine-/phosphothreonine-containing proteins,
parallel experiments involving in IMAC enrichment mainly for
phosphoserine/phosphothreonine protein identification and
anti-phosphotyrosine enrichment mainly for phosphotyrosine
protein identification have been reported (23). However, this
work required a doubled amount of the starting materials.

To characterize the phosphoproteomic changes induced by
NPM-ALK in a comprehensive and efficient manner, we de-
veloped a strategy and applied it to enrich phosphopeptides
prior to the LC/MS analysis. The design of this enrichment
strategy is based on three theoretical advantages. 1) It en-
ables comprehensive identification of all three types of phos-
phorylated peptides. 2) It facilitates the detection of the phos-
photyrosine-containing peptides despite their relatively low
abundance compared with phosphoserine- and phospho-
threonine-containing peptides. 3) It does not require parallel
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experiments; i.e. the same starting materials were used for
profiling both phosphoserine-/phosphothreonine-containing
proteins and phosphotyrosine-containing proteins. In the first
step, all the phosphopeptides were enriched by using IMAC.
In the second step, using an anti-phosphotyrosine specific
antibody, we separated the phosphotyrosine pool from that of
phosphoserine and phosphothreonine. Because of the prior
enrichment by IMAC, the nonspecific protein binding to the
phosphotyrosine antibody will be minimized. The phospho-
serine/phosphothreonine pool was fractionated by strong cat-
ion exchange chromatography to facilitate their detection by
LC/MS. Our results suggest that this strategy is highly useful
in the comprehensive characterization of the phosphopro-
teome, particularly in enhancing our ability to detect phos-
photyrosine peptides.

One of the key objectives of this study was to comprehen-
sively assess the phosphoproteomic changes induced by on-
cogenic kinase NPM-ALK that can serve as a proof of princi-
ple for future related biological studies. To achieve this goal,
our experimental approach was designed to compare the
qualitative phosphoproteomic changes between unaltered
NPM-ALK- and NPM-ALKFFF mutant-transfected cells, focus-
ing on similar absolute changes in phosphorylation statuses,
by using our strategy. We did not use a quantitative proteom-
ics approach to analyze the phosphoproteomic changes in-
duced by NPM-ALK because of the special property of this
oncoprotein. Most of the previous reports (40–42) and our
previous publication (43) have shown that phosphorylation
of proteins downstream of NPM-ALK were only present in the
presence of NPM-ALK; in the absence of NPM-ALK, the
phosphorylation statuses of proteins downstream of NPM-
ALK were lost. Using quantitative proteomics approaches,
such as stable isotope labeling with amino acid in cell culture
or isobaric tags for relative and absolute quantitation, will
sacrifice the sensitivity of identification. Therefore, in this
study, we used a qualitative phosphoproteomics approach
instead of using a quantitative phosphoproteomics approach.

In this study, we applied this protocol to compare the
phosphorylation profile changes between the unaltered NPM-
ALK- and NPM-ALKFFF mutant-transfected cells and identify
a set of phosphorylated proteins likely associated with NPM-
ALK activity. It was found that the phosphoproteins identified
regulate a diversity of key cellular pathways, some of which
have never been reported to be associated with NPM-ALK. To
document the biological relevance of these identified phos-
phoproteins, validation experiments were performed using
NPM-ALK- and NPM-ALKFFF mutant-transfected cells as well
as ALK� ALCL cells. The TNF/Fas/tumor necrosis factor-
related apoptosis-induced ligand (TRAIL) signaling pathway
was validated to be modulated by NPM-ALK in ALK� ALCL.
Functional analysis showed that knockdown of tumor necro-
sis factor receptor-associated protein 1 (TRAP1), one of the
crucial TNF/Fas/TRAIL signaling molecules, enhanced TRAIL-
or chemotherapeutic drug doxorubicin-induced cell death.

These findings provide a potential therapeutic strategy for
ALK� ALCL and novel insight into the NPM-ALK-mediated
lymphomagenesis.

EXPERIMENTAL PROCEDURES

Gene Construction and Mutagenesis—Full-length human NPM-
ALK cDNA was amplified from a pcDNA-NPM-ALK plasmid, a kind
gift from Dr. S. Morris (St. Jude’s Children Research Hospital, Mem-
phis, TN) and inserted into the HB vector as described previously (20).
The NPM-ALKFFF mutant was generated by mutating Tyr338, Tyr342,
and Tyr343 to phenylalanine using the QuikChangeXL site-directed
mutagenesis kit (Stratagene, La Jolla, CA) as described previously
(43). The sequences of NPM-ALK and NPM-ALKFFF were subse-
quently confirmed by DNA sequence analysis.

Cell Culture and Gene Transfection—GP293 (a modified version of
the HEK 293 human embryonic kidney cell line; Clontech) was cultured
in Dulbecco’s modified Eagle’s medium (Sigma) supplemented with
10% heat-inactivated fetal bovine serum and 1% penicillin. GP293 cells
were transiently transfected with HB-tagged NPM-ALK or HB-tagged
NPM-ALKFFF mutant using LipofectamineTM 2000 transfection reagent
(Invitrogen) as described previously (20). Cell lysates were collected for
further mass spectrometric analysis after 24-h transfection.

Two ALK� ALCL cell lines (Karpas 299 and SU-DH-L1), both of
which have been described previously (44), were maintained in RPMI
1640 medium (Invitrogen) supplemented with 10% fetal bovine se-
rum. All the cells were cultured under an atmosphere of 95% O2 and
5% CO2 in 98% humidity at 37 °C.

Cell Lysate and In-solution Digestion—Fig. 1 shows the work flow
used to profile the phosphoproteome of NPM-ALK-transfected cells
(i.e. NPM-ALK-transfected cells and NPM-ALKFFF mutant-transfected
cells). Cells were lysed in CelLyticTM M buffer (Sigma), 1 mM phenyl-
methylsulfonyl fluoride, protease inhibitor mixture, and phosphatase
inhibitor mixture (Sigma). The lysates were precleared at 20,000 � g
for 15 min. A bicinchoninic acid (BCA) assay kit (Bio-Rad) was used to
determine the protein concentration of the resulting lysate. About 20
mg of each sample were used for further analysis. To remove the salts
and other impurities, acetone was added into cell lysates with vor-
texing to a final acetone concentration of 80%. The mixture was
incubated at �80 °C for 10 min and then stored at �20 °C overnight.
The mixture was then centrifuged at 20,000 � g for 10 min. After
decanting the supernatant, the pellets were dissolved with 1% (w/v)
RapiGest (Waters) with intermittent vortexing. The protein mixture
was reduced with 10 mM DTT for 1 h at 37 °C and then alkylated with
55 mM iodoacetamide for 1 h at room temperature. Trypsin solution
was added into the protein solution at a ratio of 1:50 after 10-fold
dilution, and the mixture was incubated at 37 °C overnight. 10% TFA
was added to the peptide mixture to make the final TFA concentration
�0.5% (pH � 2). The mixture was incubated at 37 °C for 45 min and
then centrifuged at 20,000 � g for 10 min, and the supernatant was
transferred into a fresh vial for further sample workup.

IMAC—Prior to IMAC, peptides were desalted by using an Agilent
1100 HPLC system using a 4.6 � 50-mm C18 column (Varian, Ontario,
Canada) and then lyophilized. Phosphopeptide enrichment by IMAC
was performed as described previously (21) except that peptides
were not converted to methyl ester derivatives. After resolubilization
with 30% ACN mixed with 250 mM acetic acid, the peptides were
loaded onto pre-equilibrated iron IMAC resin (Phos-Select iron affinity
gel, Sigma). The resin was washed three times with 30% ACN and
250 mM acetic acid and two times with water after overnight incuba-
tion at 4 °C. The phosphopeptides were then released from the resin
with 400 mM ammonium hydroxide.

Tyr(P)-based Immunoaffinity Purification—After IMAC elution, the
proportion of phosphotyrosine-containing peptides was further en-
riched using the PhosphoScan kit (Tyr(P)100) (Cell Signaling Technol-
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ogy, Inc., Danvers, MA) according to the manufacturer’s instructions.
Briefly, the phosphopeptides were lyophilized and then redissolved in
immunoaffinity purification buffer (50 mM MOPS at pH 7.2, 10 mM

sodium phosphate, and 50 mM NaCl). The peptide mixture was then
incubated with immobilized anti-phosphotyrosine antibody beads at
4 °C overnight. The antibody beads were collected at 1500 � g for 5
min, and the supernatant containing phosphoserine and phospho-
threonine peptides was retained and stored at �20 °C for further
processing. The beads were washed twice with 100 �l of immunoaf-
finity purification buffer and twice with rinse buffer (100 mM Tris and
100 mM NaCl). The phosphotyrosine-containing peptides were eluted
from the beads by using 0.1% TFA, desalted, quantified by UV
absorbance (45), and then subjected to reverse phase LC/MS/MS
analysis.

Strong Cation Exchange (SCX) Liquid Chromatography and Mass
Spectrometric Analysis—A 2.1 � 250-mm polySULFOETHYLTM A
column (5-�m diameter, 300-Å pore) (PolyLC, Columbia, MD) was
used for the SCX separation of the phosphoserine- and phospho-
threonine-containing peptide mixture. Solvent A (5 mM KH2PO4, pH
2.7) and solvent B (solvent A with 500 mM KCl) were used to develop
a salt gradient (0–7% for 5 min, 7–42% for 35 min, and 42–100% for
2 min). All the samples collected from SCX were desalted on an
Agilent 1100 HPLC system and quantified by UV absorbance. Tan-
dem mass spectrometry analysis was performed as described previ-
ously (20, 46). Approximately 1.0 �g of peptides from individual
fraction was analyzed using a Q-TOF Premier mass spectrometer

(Waters) equipped with a nanoACQUITY Ultra Performance LC sys-
tem (Waters). Peptide solution from each SCX fraction was injected
onto a 75-�m � 100-mm Atlantis dC18 column (Waters). Solvent A
consisted of 0.1% formic acid in water, and solvent B consisted of
0.1% formic acid in ACN. Peptides were separated using a 120-min
gradient (6–25% solvent B for 95 min, 30–50% solvent B for 10 min,
50–90% solvent B for 10 min, and 90–5% solvent B for 5 min) and
electrosprayed into the mass spectrometer fitted with a nanoLock-
Spray source at a flow rate of 300 nl/min. Mass spectra were acquired
from m/z 300 to 1600 for 0.8 s followed by four data-dependent
MS/MS scans from m/z 50 to 1900 for 1.0 s each. The collision energy
used to perform MS/MS was automatically varied according to the
mass and charge state of the eluting peptide. A mass calibrant (i.e.
lock mass) was infused at a rate of 250 nl/min, and an MS scan was
acquired for 1 s every 1 min throughout the run. A precursor ion
exclusion strategy was applied to exclude relatively high abundance
peptides identified from the adjacent two SCX fractions to enable
additional less abundant peptides to be analyzed and identified. An
exclusion list was generated as described previously (46).

Database Search and Data Analysis—Raw MS/MS data were lock
mass-corrected, deisotoped, and converted to peak list files by Pro-
teinLynx Global Server 2.2.5 (Waters). Protein identification was per-
formed by using the Mascot 2.2 search engine (Matrix Science) for
searching the Swiss-Prot database (version 57.4, 410,518 se-
quences). Searching was restricted Homo sapiens (20,401 se-
quences) and performed using the following parameters: fixed mod-
ification, carbamidomethyl (Cys); variable modifications, oxidation
(Met) and phosphorylation on serine, threonine, or tyrosine; enzyme,
trypsin; missed cleavages, 1; peptide tolerance, 30 ppm; MS/MS
tolerance, 0.2 Da; peptide charge, 1�, 2�, and 3�. Peptide informa-
tion was extracted to an Excel data sheet from the search results
using a in-house written program. All the peptides that had scores
lower than the Mascot identification threshold were removed as well
as redundant peptides and proteins. All the identified peptides were
above the Mascot threshold score for identity with a confidence level
of �95%. The false positive rate was determined by using the target-
decoy search strategy (47). The overall false positive rate was �1%.
The data set of NPM-ALK-transfected GP293 cells was filtered
against a control data set of NPM-ALKFFF mutant-transfected GP293
cells using an in-house developed program. An increased molecular
mass of 79.96 Da on a tyrosine, serine, or threonine residue was
indicative of phosphorylation. The spectra and phosphorylation site
assignment of all NPM-ALK-induced proteins were checked manually
based on the following rules. First of all, for serine and threonine
phosphorylation site localization, we searched H3PO4 neutral losses
from fragment ions (b ions and/or y ions). A �18 Da modification
corresponding to the mass difference between serine and dehy-
droalanine or threonine and 2-aminodehydrobutryic acid was also
considered. Second, because phosphotyrosine residues do not nor-
mally undergo neutral loss, the cognate pair of the fragment ion (bi, bi

� 79.96 and/or yi, yi � 79.96) or fragment ions (b and/or y ion)
containing a phosphate group were expected to be found in the
spectrum. Additionally, immonium ion at m/z 216 was also investi-
gated in the phosphotyrosine-containing peptides. Third, unambigu-
ous localization of a phosphorylation site could further be obtained by
a continuous fragment ion series around the phosphorylated resi-
due. Ambiguous phosphorylation site identification was excluded
from the list. A summary of Mascot search results, peptide identi-
fications, and phosphorylation site assignments is shown in the
supplemental materials.

Antibody Array Studies—XP725 Panorama Antibody Microarray
(Sigma) contains 725 different antibodies spotted in duplicate on
nitrocellulose-coated glass slides. These antibodies represent fami-
lies of proteins known to be involved in a variety of different biological

FIG. 1. Work flow for analysis of NPM-ALK-induced phospho-
proteins. NPM-ALK-transfected GP293 cells were lysed and di-
gested with trypsin. The phosphopeptides, including phosphoty-
rosine, phosphoserine, and phosphothreonine peptides, were first
enriched by IMAC. The phosphotyrosine-containing peptides were
further enriched by using anti-phosphotyrosine (pY) antibody followed
by tandem mass spectrometry analysis. The flow-through containing
phosphoserine and phosphotyrosine peptides was fractionated by
strong cation exchange, and then individual fractions were analyzed
by reverse phase liquid chromatography and tandem mass spectrom-
etry The NPM-ALKFFF-transfected cells, used as a negative control,
were treated in the same manner.
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pathways. The antibody array experiment was performed on NPM-
ALK- and NPM-ALKFFF mutant-transfected GP293 cells according to
the manufacturer’s instructions. NPM-ALK and NPM-ALKFFF mutant
were transfected into GP293 cells. The cells were grown to 80%
confluence and washed twice with ice-cold PBS. Cell lysates were
collected. The protein concentration was determined by the Bradford
protein assay (Sigma). The samples were diluted to 1 mg/ml. About
150 �g of extract was used for labeling. The NPM-ALK-transfected
sample was labeled with Cy5, and the NPM-ALKFFF-transfected sam-
ple was labeled with Cy3. The non-conjugated free dye was removed
from the labeled sample by using SigmaSpin Post-Reaction Clean-Up
columns (Sigma) and centrifugation at 750 � g at 4 °C. Labeling
efficiency was verified by the dye to protein molar ratio based on the
manufacturer’s instructions. Then, the Cy5-labeled NPM-ALK sample
was mixed with the Cy3-labeled NPM-ALKFFF mutant sample in a 1:1
molar ratio. The labeled protein mixture was then incubated with the
antibody microarray at room temperature on a rocking shaker for 30
min. The array slide was washed with TBS-Tween 20 (20 mM Tris-HCl,
pH 7.5, 137 mM NaCl, and 0.1% Tween 20) twice for 5 min and
immersed in water for 2 min. Once dry, the array was scanned on
Genepix 4000B (Molecular Devices, Sunnyvale, CA) with a 532 and
635 nm laser. Fluorescence intensity measurements from the array
element were compared with the local background, and then back-
ground subtraction was performed. Before normalization, spots
showing defects were manually flagged. Spots with intensities for
both channels (sum of the medians) lower than the sum of the mean
backgrounds were also discarded. Fluorescence intensities were nor-
malized by reference proteins. Inconsistent duplicates were excluded.
The ratios of the duplicated spots were averaged. The cutoff level
used to determine significant changes was chosen to be a �2-fold
change in expression between samples. This cutoff level has become
the standard in expression microarray analysis and has also been
used previously in antibody array experiments (48, 49). The statistical
Z test was used to obtain the p value (p � 0.003).

Bioinformatics Analysis—Functional pathway and network analysis
was generated through the use of Ingenuity Pathway Analysis soft-
ware (Ingenuity Systems, Redwood, CA). The significance of the
association between the data set and the canonical pathway was
measured in two ways. 1) The ratio of the number of proteins that map
to the canonical pathway was calculated, and 2) Fisher’s exact test
was used to calculate a p value determining the probability of the
association between the protein in the data set and the canonical
pathway.

Western Blotting and Immunoprecipitation—Western blot and im-
munoprecipitation were performed using standard techniques as de-
scribed previously (10, 50, 51). Briefly, 2 mg of cell lysates was
incubated with an antibody overnight at 4 °C. Protein A/G PLUS-
agarose (EMD Chemical, Inc., Gibbstown, NJ) was added and incu-
bated with gentle rotation at 4 °C overnight. The immunocomplex was
washed with cold PBS three times followed by washing with radio-
immune precipitation assay buffer (25 mM Tris-HCl, pH 7.6, 150 mM

NaCl, 1 mM Na2EDTA, I mM EGTA,1% Nonidet P-40, 1% sodium
deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM �-glycerophos-
phate, 1 mM Na3VO4, 1 �g/ml leupeptin, and 0.1% SDS). The com-
plex was subjected to SDS-PAGE and transferred onto nitrocellulose
membranes. After blotting for 1 h at room temperature, the mem-
branes were incubated overnight at 4 °C in primary antibody, washed
three times in TBS-Tween 20, incubated for 1 h at room temperature
with a secondary antibody, and finally washed three times with TBS-
Tween 20. Blots were visualized using enzyme chemiluminescence
(ECL, Amersham Biosciences). The following antibodies were used
for immunoprecipitation and immunoblotting: anti-phosphotyrosine
antibody (Cell Signaling Technology, Inc., Ontario, Canada), anti-
receptor-interacting protein 1 (RIP) antibody (Cell Signaling Technol-

ogy, Inc., Ontario, Canada), mouse monoclonal anti-TRAP1 antibody
(Abcam, Cambridge, MA), anti-phospho-STAT3 antibody (Cell Signal-
ing Technology, Inc., Ontario, Canada), anti-STAT3 antibody (BD
Biosciences), anti-phospho-SHC antibody (Cell Signaling Technol-
ogy, Inc., Ontario, Canada), anti-SHC antibody (Cell Signaling Tech-
nology, Inc., Ontario, Canada), anti-Fas-associated factor 1 (FAF1)
antibody (Abcam), anti-ALK antibody (Cell Signaling Technology, Inc.,
Ontario, Canada), anti-phospho-ERK1/2 antibody (Cell Signaling
Technology, Inc., Ontario, Canada), anti-ERK1/2 antibody (Cell Sig-
naling Technology, Inc., Ontario, Canada), anti-phospho-Src (Tyr418)
antibody (Cell Signaling Technology, Inc., Ontario, Canada), and anti-
phospho-Src (Tyr527) antibody (Cell Signaling Technology, Inc., On-
tario, Canada).

Short Interference RNA (siRNA)—For each experiment, SU-DH-L1
cells (7.5 � 106 cells) were transfected with siRNA for NPM-ALK
(L-003103, Thermo Scientific) or siRNA for TRAP1 (L-010104, Thermo
Scientific) using scrambled non-targeting siRNA (D-001810, Thermo
Scientific) as the negative control. In both cases, a BTX 830 electro-
poration transfection instrument (Harvard Apparatus, Inc.) was used.
Transfected cells were cultured for 48 h for further cell viability or
Western blot analysis.

Cell Viability Assay—SU-DH-L1 cells transfected with either TRAP1
siRNA or scrambled siRNA (10,000 cells) were seeded in each well of
a 96-well plate and treated with TRAIL (Alexis Biochemicals, San
Diego, CA) or doxorubicin (Calbiochem) for 24 h. A tetrazolium com-
pound (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolioum) was then added to each well, and
the number of viable cells was quantified using the Celltiter 96 Aque-
ous cell proliferation assay (Promega, Madison, WI) and a spectro-
photometer (BioTek Instruments Inc., Winooski, VT) according to the
manufacturer’s protocol (52). Student’s t test was used to calculate
the p value. All the experiments were performed triplicate.

RESULTS

Functional Expression of NPM-ALK and NPM-ALKFFF Mu-
tant—The NPM-ALK construct was inserted into the HB-
tagged vector as described previously (20). The NPM-ALKFFF

mutant was generated by simultaneous mutation of all three
tyrosine residues (Tyr338/Tyr342/Tyr343) present in the ALK
kinase activation loop as described previously (43) and illus-
trated in Fig. 2. We previously found that NPM-ALKFFF has a
complete loss of autophosphorylation (detectable by mass
spectrometry) and tumorigenicity (assessed by soft agar clo-
nogenic assay) (43), and this mutant was used as a negative
control in this study.

After the DNA sequences of NPM-ALK and NPM-ALKFFF

were confirmed, we then determined the expression level and
the oncogenic potential of the NPM-ALK proteins expressed.
First, we compared the protein levels of NPM-ALK in GP293
cells expressing either NPM-ALK or NPM-ALKFFF with those
in ALK� ALCL cells. As shown in Fig. 3, the expression levels
of NPM-ALK in the transfected GP293 cells were similar to
those seen in ALK� ALCL cells (i.e. Karpas 299 and SU-
DH-L1 cells). Due to the addition of the HB tag in the two
constructed vectors, HB-tagged NPM-ALK and NPM-ALKFFF

migrated slightly slower that the NPM-ALK protein expressed
in the two ALK� ALCL cell lines. Second, we further assessed
the oncogenic potential of the NPM-ALK proteins by mea-
suring their ability to activate and phosphorylate a panel of
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downstream effector proteins, including STAT3, SHC, Src,
and ERK1/2, all of which are known to be phosphorylated by
NPM-ALK (14, 15, 41). As shown in Fig. 3, STAT3, SHC, Src,

and ERK1/2 were found to be phosphorylated in cells trans-
fected with NPM-ALK but not those transfected with
NPM-ALKFFF.

Characterization of NPM-ALK-induced Phosphoproteomic
Changes—Using the phosphopeptide enrichment protocol il-
lustrated in Fig. 1, in NPM-ALK-transfected cells, 4265 phos-
phopeptides and 5340 phosphorylation sites were found from
which a total of 1758 phosphoproteins were identified. In cells
transfected with the NPM-ALKFFF mutant (negative control),
4798 phosphorylation sites and 3645 phosphopeptides were
found from which a total of 1548 phosphoproteins were iden-
tified. By subtracting those found in the negative control,
there were 506 phosphoproteins (617 phosphopeptides and
767 phosphorylation sites) that were found exclusively in
NPM-ALK-expressing cells. Further analysis of this list of
phosphopeptides revealed 179 phosphotyrosine peptides
(with 180 phosphotyrosine sites) and 323 phosphoserine/
threonine peptides (507 phosphoserine sites and 80 phos-
phothreonine sites). Of the 179 phosphopeptides containing
phosphotyrosine, only five also carry phosphoserine and/or
phosphothreonine sites. Of the 506 phosphoproteins, only 13
carry both tyrosine and serine/threonine phosphorylation
sites. The entire list of phosphopeptides as well as the 506
phosphoproteins is given in supplemental Table S1.

We note that in our experience with proteome analysis of
cell extracts the sample-to-sample reproducibility with the
precursor ion exclusion strategy (49) is usually over 85%.
Thus, the major difference observed in phosphopeptides
identified from the two comparative samples should largely
reflect the biological difference of the samples. We did not
carry out the quantitative or replicate profiling work as the
workload would be very high. In addition, the purpose of the
profiling work was to generate leads for downstream biolog-
ical work. Thus, our efforts were focused on carrying out
biological functional studies based on the leads generated
from the phosphoproteomic profiles and bioinformatics anal-
ysis results (see below). However, we would like to make
some cautious remarks on the list of phosphopeptides and

FIG. 2. Schematic representation of
NPM-ALK. A, NPM-ALK, showing the
location of the kinase domain and the
YXXXYY motif within the activation loop.
B, NPM-ALKFFF mutant, which was gen-
erated by mutating the three tyrosine
residues (Tyr338/Tyr342/Tyr343) within
the tyrosine kinase signature domain
(YXXXYY) of the activation loop to phe-
nylalanine. aa, amino acids.

FIG. 3. Comparison of either NPM-ALK or NPM-ALKFFF mutant-
transfected GP293 cells with ALK� ALCL cells (Karpas 299 and
SU-DH-L1). Western blot analysis showed the similar expression
levels of NPM-ALK in the transfected GP293 cells and in Karpas 299
and SU-DH-L1. STAT3, SHC, Src, and ERK1/2 were phosphorylated
(phos) in NPM-ALK-transfected GP293 cells and ALK� ALCL cells but
not in NPM-ALKFFF mutant-transfected GP293. The loading control
was tubulin.
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phosphoproteins provided in supplemental Table S1. First of
all, only a few proteins were validated, ultimately resulting in
some novel insight into NPM-ALK-mediated lymphomagen-

esis (see below). For the remaining proteins, validation work is
required if anyone is interested in taking the leads from the
protein list to do biological studies, e.g. investigating other
NPM-ALK-modulated signaling pathways. Second, this list
was generated not only just once but also under the condi-
tions used where the phosphoproteome reflected the status
of a wide range of cellular states (e.g. cell growth was not
synchronized). The presence of a phosphopeptide in the list
provides the evidence of its existence, whereas the absence
of the phosphopeptide in the list does not mean it is non-
existent in the proteins expressed in the cells. Third, we
cannot exclude the possibility that the presence or absence
of a phosphopeptide or phosphoprotein is the result of
the change in the protein expression level. Fourth, although
the expression level of NPM-ALK and phosphorylation lev-
els of several downstream proteins in GP293 cells trans-
fected with either NPM-ALK or NPM-ALKFFF were found to
be similar to those of ALK� ALCL cells (see above), we
could not rule out completely the possibility of an un-natural
expression level of the kinase that may affect the phospho-
proteome profiles. Thus, this list should only serve as the

FIG. 4. Functional pathway analysis of the NPM-ALK-induced
phosphoproteins. The Ingenuity Pathway Analysis software was
used to analyze the functional pathways of the NPM-ALK-induced
phosphoproteins. The numbers in parentheses represent the number
of proteins belonging to the corresponding pathways.

FIG. 5. Functional pathway analysis of NPM-ALK-induced dif-
ferentially expressed proteins (antibody microarray data). The
Ingenuity Pathway Analysis software was used to analyze the func-
tional pathways of the NPM-ALK-induced differentially expressed
proteins identified by antibody microarray. The numbers in parenthe-
ses represent the number of proteins belonging to the corresponding
pathways.

FIG. 6. Schematic representation of TNF/Fas/TRAIL signaling
pathway. By analyzing our proteomics data, antibody microarray
data, and our previously published binding protein data (20), a num-
ber of signaling pathways were identified, and the TNF/Fas/TRAIL
signaling pathway is highlighted here. DEDD: Death effector domain-
containing protein; DAXX: Death domain-associated protein 6.
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entry point for generating a hypothesis for further biological
validation.

Bioinformatics Analysis—Using the Ingenuity Pathway
Analysis software, we determined whether the 506 phospho-

proteins can be grouped into canonical functional cellular
pathways. The results are illustrated in Fig. 4; details are
included in supplemental Table S2. The pathways to which
the highest number of phosphoproteins belong are cell death

FIG. 7. Representative MS/MS spec-
tra of phosphopeptides from three
proteins in TNF/Fas/TRAIL pathway:
TRAP1 (a), RIP (b), and FAF1 (c).
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(n � 122), cell growth (n � 98), gene expression regulation
(n � 95), cell morphology (n � 82), and cell cycle (n � 77).
Specifically, we found signatures of several cellular signaling
pathways that have been previously shown to be modulated
by NPM-ALK, including those of PI3K/AKT, JAK/STAT3, and
ERK/MAPK (supplemental Table S3). Importantly, our analysis
also highlighted a number of cellular pathways/processes that
have not been described in association with NPM-ALK. These
included actin cytoskeleton signaling (n � 15), integrin signal-
ing (n � 14), interleukin signaling (n � 13), apoptosis (n � 13),
and glucocorticoid receptor signaling (n � 12).

To provide further evidence that cellular pathways/pro-
cesses are modulated by NPM-ALK, we used a large scale

antibody array to compare GP293 cells expressing NPM-ALK
and cells expressing NPM-ALKFFF. As shown in Table III, we
found evidence of statistically significant changes in the ex-
pression of the genes of 56 proteins (of a total of 725 in the
array). We then analyzed these 56 proteins using the Ingenuity
Pathway Analysis software, and we found that most of these
proteins are involved in cell death (n � 42), cell growth (n �

33), cell cycle (n � 21), and cell signaling (n � 14). The E3
ubiquitin proteasome degradation pathway was also high-
lighted as there were eight E3 ubiquitination ligases that were
found to be phosphorylated, including ZNRF2, RFFL, TOPRS,
RN19A, TRIM133, MGRN1, RNF8, and HERC1. Of great in-
terest, we also found a substantial overlap of the involved

TABLE I
Identification of known NPM-ALK substrates in phosphoprotein list generated from this work

X, previously reported NPM-ALK-induced phosphoproteins that were identified exclusively in the NPM-ALK-transfected GP293 cells.

Swiss-Prot
ID Protein name Identified Ref. Swiss-Prot

ID Protein name Identified Ref.

P40763 STAT3 X 41, 71 P28482 ERK2 X 14
P29353 SHC-transforming protein 1 (SHC) X 72 Q86WB0 NIPAa X 19
P50552 Vasodilator-stimulated phosphoprotein X 16 P31939 Bifunctional purine biosynthesis protein

PURH (ATIC)
16

Q06124 Tyrosine-protein phosphatase non-
receptor type 11 (SHP2)

X 73 Q60674 Tyrosine-protein kinase JAK2 74

P19174 Phospholipase C-�-1 X 40 P42229 Signal transducer and activator of
transcription 5A (STAT5)

75

P48736 PI3K subunit p110 X 9 Q14103 Heterogeneous nuclear
ribonucleoprotein D0 (AUF1)

76

P12931 p60-Srca X 77 P35568 Insulin receptor substrate 1 (IRS-1) 72
P05412 Proto-oncogene c-Jun X 18 P31749 AKT 9
P23246 PTB-associated-splicing factor (PSF) X 78 Q9UQC2 Growth factor receptor-bound protein

2-associated protein 2 (Gab-2)
X 73

P27361 Extracellular signal-regulated kinase 1
(p44-ERK1)

X 14 Q9UKW4 Guanine nucleotide exchange factor
VAV3

79

P08069 Insulin-like growth factor 1 receptor 80 P42345 mTOR X 12

a Previously reported NPM-ALK-induced phosphoproteins that were identified in both NPM-ALK- and NPM-ALKFFF mutant-transfected
GP293 cells.

TABLE II
Proteins known to be NPM-ALK-interacting protein that were also found in phosphoprotein list generated from this work

Swiss-Prot ID Protein name Swiss-Prot ID Protein name

O00170 Aryl hydrocarbon receptor-interacting
protein (AIP)

Q15648 Mediator of RNA polymerase II transcription
subunit 1 (MED1)

O14976 GAK Q16543 Hsp90 co-chaperone Cdc37 (CDC37)
O15226 Transcription factor NRF (NKRF)* Q5SRE5 Nucleoporin NUP188 homolog (NUP188)
P05198 EIF-2� (IF2A) Q5T6F2 Ubiquitin-associated protein 2 (UABP2)
P05412 Proto-oncogene c-Jun (JUN)a Q86YZ3 Hornerin (HORN)
P10809 Heat shock protein 60 (CH60) Q99961 SH3 domain-containing GRB2-like protein 1

(SH3G1)
P12270 Nucleoprotein TPR (TPR) Q9HD20 Probable cation-transporting ATPase 13A1 (AT131)
P29353 SHC-transforming protein 1 (SHC)a Q9NNW5 WD repeat-containing protein 6 (WDR6)
P46060 Ran GTPase-activating protein 1

(RanGAP1)
Q9NQT8 Kinesin-like protein KIF13B (KI13B)

P61289 Proteasome activator 28 subunit � (PSME3) Q9P0L0 Vesicle-associated membrane protein-associated
protein A (VAPA)a

Q00341 High density lipoprotein-binding protein
(VIGLN)**

Q9UGP4 LIM domain-containing protein 1 (LIMD1)

a Represents the previously reported NPM-ALK-induced phospho-binding partner (20). *NKRF: NF-kappa-B-repressing factor. **VIGLN:
Vigilin.
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signal pathways between proteomics data (Fig. 4) and anti-
body array data (Fig. 5). One of the overlapping pathways that
has not been reported previously in association with NPM-
ALK is that of the TNF/Fas/TRAIL signaling pathway. Specif-
ically, using the antibody microarray, we found that six TNF
receptors (DR5, DR3, DR6, DcR1, DcR2, and DcR3) and two
components of the TNF complex (DAPK3 and CRADD) were
significantly up-regulated in the NPM-ALK-transfected GP293
cells (Fig. 6). Based on our proteomics data (supplemental
Table S1), three TNF signaling molecules (RIP, TRAP1, and
FAF1) were identified. All three were phosphorylated at the
tyrosine residues. Fig. 7 shows the fragment ion spectra of
phosphopeptides from RIP, TRAP1, and FAF1 generated by
the Q-TOF mass spectrometer with peak assignments.

Identification of Known NPM-ALK Substrates—As summa-
rized in Table I, we identified a total of 22 proteins (seven
phosphotyrosine and 15 phosphoserine/phosphothreonine)
that were previously reported to be phosphorylated by NPM-
ALK. We found 14 of these 22 proteins on our list, and they
included STAT3, SHC, SHP2, mTOR, phospholipase C �,
PI3K, Src, ERK1, ERK2, vasodilator-stimulated phosphopro-
tein, PTB-associated splicing factor, NIPA, and growth factor
receptor-bound protein 2-associated protein 2 (Gab2). In con-
trast, eight were not found, and they included JAK2, STAT5,
AKT, heterogeneous nuclear ribonucleoprotein D0 (AUF1),
guanine nucleotide exchange factor VAV3; insulin-like growth
factor receptor, and bifunctional purine biosynthesis protein
PURH (ATIC).

Identification of Known NPM-ALK-interacting Proteins—We
then assessed which of these 506 proteins are also known to

be proteins physically associated with NPM-ALK. Thus, we
compared these proteins with our previously published data
(20), which identified 254 proteins as potential NPM-ALK bind-
ing partners. Twenty-two NPM-ALK-induced phosphoproteins
were also previously found to be the binding partners of NPM-
ALK (Table II). With the exception of three proteins (SHC, vesi-
cle-associated membrane protein-associated protein A (VAPA),
and c-Jun), none of these proteins have been previously de-
scribed to be phosphorylated or bound by NPM-ALK. A number
of these proteins, including PSME3, MED1, cyclin G-associated
kinase (GAK), WDR6, NRF, TPR, and NUP188, are known to
have important biological roles, such as gene transcription (53,
54), cell cycle (55–57), and cellular transport (58).

Validation of Phosphoproteins Involved in TNF/Fas/TRAIL
Pathway—Considering the biological importance of the TNF/
Fas/TRAIL signaling pathway and the fact this pathway has
not been previously described in the context of NPM-ALK, we
decided to further confirm the tyrosine phosphorylation of the
three proteins revealed by our proteomics studies, namely
RIP, TRAP1, and FAF1, using immunoprecipitation. First, val-
idation experiments were performed using GP293 cells trans-
fected with NPM-ALK, NPM-ALKFFF mutant, and empty vec-
tor. STAT3 was included as a positive control. As shown in
Fig. 8, all three proteins were phosphorylated only in the
presence of NPM-ALK. The immunoblots were probed with
anti-phosphotyrosine antibody. Second, to document their
biological relevance in ALK� ALCL, we used Karpas 299 and
SU-DH-L1, two well studied ALK� ALCL cell lines, to detect
the expression and the phosphorylation statuses of RIP,
TRAP1, and FAF1. As shown in Fig. 9, all three proteins were

FIG. 8. Validation of phosphopro-
teins involved in TNF/Fas/TRAIL sig-
naling pathway using GP293 cells
transfected with empty vector, NPM-
ALKFFF mutant, and NPM-ALK. The
immunoprecipitation (IP) experiments
were performed using empty vector-,
NPM-ALKFFF mutant-, and NPM-ALK-
transfected GP293 cell with anti-STAT3
antibody (A), anti-TRAP1 antibody (B),
anti-RIP antibody (C), and anti-FAF1
antibody (D). The phosphorylation sta-
tuses of these four proteins were de-
tected by using anti-phosphotyrosine
antibody. E, the presence of NPM-ALK
was detected in lysates from empty
vector-, NPM-ALKFFF mutant-, and
NPM-ALK-transfected cells. IB, immu-
noblot; phos, phospho.
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expressed and phosphorylated in two of two examined ALK�

ALCL cell lines. Lastly, to further confirm the role of NPM-ALK
in phosphorylating TRAP1 and RIP in ALK� ALCL cells, we
used NPM-ALK siRNA to knock down NPM-ALK of SU-
DH-L1 and examined the phosphorylation statuses of TRAP1
and RIP. Fig. 10 shows that siRNA significantly down-regu-
lated the expression level of NPM-ALK in these two ALK�

ALCL cell lines; this in turn led to the loss of phosphorylation
of TRAP1 and RIP. The expression level of TRAP1 and RIP
was hardly affected after knockdown of NPM-ALK.

Knockdown of TRAP1 Facilitates TRAIL-induced Cell
Death—To determine the functional role of the TNF/Fas/
TRAIL pathway in the survival of ALK� ALCL, we selected one
biologically relevant protein, namely TRAP1. We then com-
pared the cell viability of TRAP1 knockdown SU-DH-L1 with
that of scrambled siRNA-transfected SU-DH-L1 after treat-
ment with TRAIL. Fig. 11A shows the substantial decrease of
the expression level of TRAP1. As illustrated in Fig. 11B, the
cell viability assay indicated that knockdown of TRAP1 sen-
sitized TRAIL-induced cell death (about 30% reduction by 100
ng/ml TRAIL) (p � 0.05). The number of TRAIL-induced dead
cells were further evaluated by using trypan blue staining and
showed a significant increase after knockdown of TRAP1 of
SU-DH-L1 (p � 0.05) (Fig. 11D).

Knockdown of TRAP1 Facilitates Doxorubicin-induced Cell
Death—Considering the biological importance of TRAP1, we

further investigated the potential effect of knockdown of
TRAP1 on the antitumor activity of doxorubicin, a chemother-
apeutic drug widely used in the clinic for treatment of ALK�

ALCL patients. Fig. 11C illustrates that doxorubicin treatment
showed a significant decrease of cell viability against TRAP1
knockdown SU-DH-L1 cells (about 53% reduction by 200 nM

doxorubicin) (p � 0.05). The half-maximal inhibitory concen-
tration (IC50) of doxorubicin for control SU-DH-L1 is 444.1 nM,
whereas the IC50 of doxorubicin for TRAP1 knockdown SU-
DH-L1 is 132.3 nM, which shows a significant difference (p �

0.0001). Moreover, using trypan blue staining, the number of
doxorubicin-induced dead cells was evaluated and showed a
significant increase after knockdown of TRAP1 of SU-DH-L1
(p � 0.05) (Fig. 11D).

DISCUSSION

In this study, we used a proteomics method, together with
a functional validation, to identify novel signaling molecules
downstream of NPM-ALK. Due to the enrichment of low abun-
dance phosphotyrosine peptides, the proportion of phospho-

FIG. 9. Validation of phosphoproteins involved in TNF/Fas/
TRAIL signaling pathway using ALK� ALCL cell lines. The immu-
noprecipitation (IP) experiments were performed using Karpas 299
and SU-DH-L1, two well studied ALK� ALCL cell lines, with anti-
TRAP1 antibody (A), anti-RIP antibody (B), and anti-FAF1 antibody
(C). The phosphorylation statuses of these three proteins were de-
tected by using anti-phosphotyrosine antibody. The immunoprecipi-
tation experiments without antibody were used as control experi-
ments. IB, immunoblot; phos, phospho.

FIG. 10. Phosphorylation statuses of TRAP1 and RIP in NPM-
ALK knockdown ALK� ALCL cells. A, NPM-ALK siRNA was used to
decrease the expression level of NPM-ALK in SU-DH-L1 cells. The
scrambled siRNA-transfected SU-DH-L1 was used as a negative
control. The expression of NPM-ALK was detected by using anti-ALK
antibody. The expression levels of TRAP1 and RIP were detected
using anti-TRAP antibody and anti-RIP antibody, respectively. B,
immunoprecipitation (IP) experiments were performed using NPM-
ALK knockdown SU-DH-L1 with anti-TRAP1 antibody and anti-RIP
antibody, respectively. The phosphorylation statuses of TRAP1 and
RIP were detected using anti-phosphotyrosine antibody. The scram-
bled siRNA-transfected SU-DH-L1 cell lysates were used as controls.
IB, immunoblot; phos, phospho.
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tyrosine-carrying proteins in this study was 25%. Detection of
this high proportion of phosphotyrosine peptides most likely
reflects the activated oncogenic tyrosine kinase property
of NPM-ALK. NPM-ALK induces phosphorylation profile
changes especially in the tyrosine phosphorylation profile.
However, we cannot completely rule out the possibility of a
significant loss of phosphoserine or phosphothreonine pep-
tides during the sample workup. The purity of phosphopep-
tides after enrichment was about 70% in our work; this level is
consistent with previous reports (59–61).

Because of the differences in the phosphopeptide enrich-
ment protocol as well as other technical differences, some
discrepancies between the results of the two previous studies
of NPM-ALK (16, 17) and ours were observed (e.g. we addi-
tionally identified �300 NPM-ALK-induced phosphoproteins

carrying phosphoserine and phosphothreonine). In contrast
with the other two studies, we used GP293 cells transfected
with NPM-ALK. We do consider the possibility that by using
immortalized cells we avoided missing important proteins
downstream of NPM-ALK whose expression may have been
aberrantly silenced in cancerous cell lines. Because GP293 is
an embryonic kidney cell line, it is perceivable that the phos-
phoproteomic changes induced by NPM-ALK will differ some-
what from those seen in T cells of mature immunophenotype.
Nevertheless, one of the key advantages of using this in vitro
system is that we had the opportunity to create a negative
control (i.e. GP293 cells transfected with the NPM-ALKFFF

mutant), which improved the specificity of our results. Another
advantage is related to the fact that NPM-ALK is absent in
untransfected GP293 cells, and therefore, the specificity of

FIG. 11. Knockdown of TRAP1 facil-
itated TRAIL- or doxorubicin-induced
cell death. A, TRAP1 siRNA was used to
decrease the expression level of TRAP1
in SU-DH-L1 cells. The scrambled
siRNA-transfected SU-DH-L1 was used
as a negative control. The expression
level of TRAP1 was detected by Western
blot. B, TRAP1 knockdown SU-DH-L1
and scrambled siRNA-transfected SU-
DH-L1 were treated with TRAIL in a
dose-dependent manner, respectively.
As shown here, scrambled siRNA-trans-
fected SU-DH-L1 cells were resistant to
TRAIL-induced cell death, whereas
knockdown of TRAP1 sensitized SU-
DH-L1 to TRAIL-induced cell death. C,
TRAP1 knockdown SU-DH-L1 and
scrambled siRNA-transfected SU-
DH-L1 were treated with the chemother-
apy drug doxorubicin in a dose-depen-
dent manner, respectively. The results
showed that knockdown of TRAP1 en-
hanced chemotherapy drug doxorubi-
cin-induced cell death. D, the number of
TRAIL- (300 ng/ml) or doxorubicin (444
nM)-induced dead cells were evaluated
using Coomassie Blue staining. It
showed that the number of TRAIL- or
doxorubicin-induced dead cells signifi-
cantly increased after knockdown of
TRAP1 of SU-DH-L1 (p � 0.05). IB, im-
munoblot. The error bar represents a
standard deviation of the replicates.
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our results was further improved. Our previous publication (20)
has demonstrated that �80% of the proteins bound to the
NPM-ALK ectopically expressed in GP293 cells also can be
found in ALK� ALCL cells. In addition, our results have shown
that the expression levels of NPM-ALK in the NPM-ALK-trans-

fected GP293 and ALK� ALCL cell lines are not dramatically
different, and the phosphorylation level of known downstream
targets of NPM-ALK (e.g. STAT3, SHC, Src, and ERK1/2) in
both systems is similar, also strongly suggesting that GP293
cells are a valid in vitro model for NPM-ALK studies.

TABLE III
Antibody array data showing differentially expressed proteins induced by NPM-ALK

W/F, wild type/FFF mutant; MAP, mitogen-activated protein.

Symbol Protein name Ratio
(W/F) Symbol Protein name Ratio

(W/F)

Peptidase
ADAM17 Disintegrin and metalloproteinase domain-

containing protein 17
2.08 Caspase13 Caspase 13, apoptosis-related cysteine

peptidase
2.17

CTSD Cathepsin D 2.17

Cytokine
TNFSF13 Tumor necrosis factor (ligand) superfamily,

member 13 (APRIL)
2.20 TNF Tumor necrosis factor (TNF superfamily,

member 2)
13.75

TNFSF10 Tumor necrosis factor (ligand) superfamily,
member 10 (TRAIL)

3.00

Enzyme
OGT O-Linked N-acetylglucosamine (GlcNAc)

transferase
2.35 RRM2B Ribonucleotide reductase M2 B

(TP53-inducible)
2.73

DNASE2A Deoxyribonuclease II, lysosomal 2.58

Kinase
CSNK2B Casein kinase 2, � polypeptide 2.28 MAPK1 Mitogen-activated protein kinase 1 (ERK2) 2.12
RIPK2 Receptor-interacting serine-threonine

kinase 2
12.49 MAP2K3 Mitogen-activated protein kinase kinase 3 21.56

DAPK3 Death-associated protein kinase 3 3.53 STK17A Serine/threonine kinase 17a 2.36
CDK3 Cyclin-dependent kinase 3 2.05 PRKCB Protein kinase C, � 2.51

Transcription regulator
HDAC7 Histone deacetylase 7 3.37 JUN Jun oncogene 2.30
MTA2 Metastasis-associated 1 family, member 2 2.26 TSG101 Tumor susceptibility gene 101 2.76
Sirt1 Sirtuin (silent mating type information

regulation 2 homolog) 1
2.26 RYBP RING1- and YY1-binding protein 2.35

c-Myc Myelocytomatosis viral oncogen homolog 2.18 RND3 Rho family GTPase 3 2.40

Transmembrane
receptor

TNFRSF10C Tumor necrosis factor receptor
superfamily, member 10c (DcR1)

2.40 TNFRSF10D Tumor necrosis factor receptor
superfamily, member 10d (DcR2)

2.34

TNFRSF6B Tumor necrosis factor receptor
superfamily, member 6b (DcR3)

2.57 TNFRSF25 Tumor necrosis receptor superfamily,
member 25 (DR3)

2.61

TNFRSF10B Tumor necrosis factor receptor
superfamily, member 10b (DR5)

2.39 TNFRSF21 Tumor necrosis factor superfamily member
21 (DR6)

3.10

Growth factor
TGFB1 Transforming growth factor, �1 2.23

Transporter
SYT1 Synaptotagmin I 2.03

Others
HSPA9 Heat shock 70-kDa protein 9 (mortalin) 2.45 H3F3A H3 histone, family 3A 3.08
MADD MAP kinase-activating death domain 3.11 MAP1B Microtubule-associated protein 1B 2.24
MTBP Mdm2, transformed 3T3 cell double

minute 2, p53-binding protein (mouse)-
binding protein, 104 kDa

2.74 MYD88 Myeloid differentiation primary response
gene (88)

2.02

Ppp1r9a Protein phosphatase 1, regulatory subunit
9A

3.20 PPP1R9B Protein phosphatase 1, regulatory
subunit 9b

2.64

PERP PERP, TP53 apoptosis effector 3.51 BBC3 BCL2 binding component 3 3.01
CRADD CASP2 and RIPK1 domain-containing

adaptor with death domain
15.29 MAPT Microtubule-associated protein tau 5.35

IFRD1 Interferon-related developmental
regulator 1

2.01 CCND1 Cyclin D1 2.49

APAF1 Apoptotic peptidase activating factor 1 2.27 BID BH3-interacting domain death agonist 2.06
BCL2L1 BCL2-like 1 3.29
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The validity of our results is supported by the following
findings. First, most of the previously known signaling path-
ways implicated in NPM-ALK pathobiology were detected by
our method, and they include the PI3K/AKT signaling path-
way, JAK/STAT3 pathway, ERK/MAPK pathway, and JNK/c-
Jun pathway. Second, a comparison between the results of
this study and those of the two previous studies revealed 45
phosphoproteins found in one or both of these two previous
studies of NPM-ALK, representing �56% of the total phos-
phoproteins carrying phosphotyrosine (i.e. a total of 126 pro-
teins found in our studies) (supplemental Table S5). Third, 41
of the phosphoproteins overlap with those of previously re-
ported NPM-ALK substrates and/or previously reported
NPM-ALK-interacting proteins. Fourth, in the TNF/Fas/TRAIL
pathway, we validated the tyrosine phosphorylation of three
proteins in both NPM-ALK-transfected GP293 cells and ALK�

ALCL cells. Lastly, of those 506 NPM-ALK-induced phospho-
proteins, all the phosphopeptides were identified with a con-
fidence level of �95%. Each of their MS/MS spectra and
phosphorylation sites were also manually examined.

We carried out the protein microarray analysis to further
evaluate the expression level changes of a number of proteins
involved in several crucial signal pathways, including cell
death, cell growth, and cell cycle (Table III). Although these
data may be interpreted that the presence or absence of a
phosphopeptide could simply be the consequence of in-
creased expression of the general protein level, the modifica-
tion of these important signal pathways by NPM-ALK was
suggested by both the antibody microarray data and the MS
data. However, at present, it is technically impossible to use
this approach to validate all of the proteins revealed by the
MS, considering that the antibody microarray covers only a
small portion of the proteins detected from the MS data.

To our knowledge, NPM-ALK has never been reported to
be associated with the TNF/Fas/TRAIL signaling pathway.
Dysregulation of TNF/Fas/TRAIL signaling pathway is strongly
associated with tumorigenesis due to antiapoptosis and cell
growth-promoting effects (62–65). In this study, the TNF/Fas/
TRAIL signaling pathway was found to be highly modulated
by NPM-ALK with involvement at all stages of the pathway. Of
note, our previously published results of NPM-ALK-interact-
ing proteins (20) showed that three adaptor proteins (i.e.
TRAF2, DEDD, and DDX42) involved in the TNF/Fas/TRAIL
signaling were bound to NPM-ALK (see Fig. 6), and these
findings strengthen our argument that NPM-ALK modulates
this pathway. The majority of the identified TNF signaling
molecules (i.e. RIP, FAF1, and TRAP1) were those known to
play an important role in regulating apoptosis. They were
further validated in NPM-ALK-transfected GP293 as well as
ALK� ALCL cells. More importantly, the phosphorylation of
RIP and TRAP1 was confirmed to be directly associated with
NPM-ALK using NPM-ALK siRNA. This is the first demonstra-
tion that NPM-ALK induced the phosphorylation of TRAP1 at
Tyr499 and RIP at Tyr384. We further examined the expression

levels of TRAP1 and RIP after NPM-ALK knockdown, showing
that the expression levels of TRAP1 and RIP were not affected
by NPM-ALK. These two proteins were previously reported to
suppress apoptosis and promote cell growth (66–69). In par-
ticular, RIP has been reported to be involved in TNF receptor-
mediated induction of cell survival through both the inhibition
of caspase 8-initiated apoptosis and the promotion NF-�B-
induced cell growth (66, 67). The phosphorylation at Tyr384

(same as our data) of RIP has been reported previously, but its
function has not been explored (70). TRAP1 (68) has been
reported to play an important role in the suppression of apo-
ptosis through the inhibition of cytochrome c release from
mitochondria under oxidative stress (69). To further investi-
gate the role of TRAP1 in ALK-mediated lymphomagenesis,
we analyzed the biological function of TRAP1 in the survival of
ALK� ALCL cells treated with TRAIL or doxorubicin. Interest-
ingly, TRAP1 knockdown was shown to sensitize both TRAIL
and doxorubicin-induced cell death. Our data indicated the
importance of TRAP1 in mediating tumor sensitivity to both
TRAIL and doxorubicin treatment and its valuable role for the
design of new therapeutic strategies. Although the direct link
between the phosphorylation of TRAP1 (induced by NPM-
ALK) and NPM-ALK-induced tumorigenesis has not been es-
tablished, we would like to point out that, because of this
study, we can now focus on the potential of TRAP1 phos-
phorylation-induced tumorigenesis. Currently, we are per-
forming further functional analysis of phosphorylated TRAP1
and RIP in ALK� ALCL.

In conclusion, our study identified a set of proteins down-
stream of NPM-ALK that contribute to the maintenance of
neoplastic phenotype using our phosphoproteomics analysis
strategy. We believe that our improved understanding of
ALK� ALCL pathobiology has important implications for the
development of novel therapeutic strategies.
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