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The oncogenic fusion tyrosine kinase nu-
cleophosmin/anaplastic lymphoma ki-
nase (NPM/ALK) induces cellular transfor-
mation in anaplastic large-cell lymphomas
(ALCLs) carrying the t(2;5) chromosomal
translocation. Protein-protein interactions
involving NPM/ALK are important for the
activation of downstream signaling path-
ways. This study was aimed at identifying
novel NPM/ALK-binding proteins that
might contribute to its oncogenic transfor-
mation. Using a proteomic approach, sev-
eral RNA/DNA-binding proteins were
found to coimmunoprecipitate with
NPM/ALK, including the multifunctional

polypyrimidine tract binding protein-
associated splicing factor (PSF). The inter-
action between NPM/ALK and PSF was
dependent on an active ALK kinase do-
main and PSF was found to be tyrosine-
phosphorylated in NPM/ALK-expressing
cell lines and in primary ALK� ALCL
samples. Furthermore, PSF was shown to
be a direct substrate of purified ALK
kinase domain in vitro, and PSF Tyr293
was identified as the site of phosphoryla-
tion. Y293F PSF was not phosphorylated
by NPM/ALK and was not delocalized in
NPM/ALK� cells. The expression of ALK
fusion proteins induced delocalization of

PSF from the nucleus to the cytoplasm
and forced overexpression of PSF-inhib-
ited proliferation and induced apoptosis
in cells expressing NPM/ALK. PSF phos-
phorylation also increased its binding to
RNA and decreased the PSF-mediated
suppression of GAGE6 expression. These
results identify PSF as a novel NPM/ALK-
binding protein and substrate, and sug-
gest that PSF function may be perturbed
in NPM/ALK-transformed cells. (Blood.
2007;110:2600-2609)
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Introduction

Anaplastic large-cell lymphoma (ALCL) comprises a group of
CD30/Ki-1� T-cell or null-cell lymphoid neoplasms.1 A subset
of ALCL can be characterized by the expression of fusion
proteins involving the anaplastic lymphoma kinase (ALK).2

ALK is a receptor tyrosine kinase normally expressed in specific
tissues of the central nervous system during embryogenesis.3,4

Due to chromosomal translocations involving the ALK gene at
2p23, ALK is also aberrantly expressed in lymphoid tissues. To
date, 11 ALK fusion proteins have been detected in ALCL, the
most common of which is nucleophosmin (NPM)/ALK, occur-
ring in 70% of patients with ALK� ALCL.5 NPM/ALK, the
product of the t(2;5)(p23;q35) translocation, encodes a chimeric
80-kDa protein consisting of the N-terminal portion (amino
acids 1-117) of NPM fused to the cytoplasmic portion of ALK
(amino acids 1058-1620).6,7 NPM is a ubiquitously expressed
protein normally localized in the nucleus that has been impli-
cated in nuclear/cytoplasmic trafficking, the cell cycle, centro-
some duplication, and maintenance of genomic stability.8-13 The

N-terminal portion of NPM contains a homodimerization do-
main, which is responsible for the formation of NPM/ALK
oligomers capable of transphosphorylation and activation of the
ALK kinase domain.14 NPM/ALK has a nuclear and cytoplas-
mic localization, whereas other ALK chimeric proteins (eg,
ATIC/ALK and CLTC/ALK) possess diffuse or granular cytoplas-
mic immunostaining patterns.15,16 The constitutive activation of
ALK is sufficient to induce cellular transformation in vitro14,17,18

and lymphoid/myeloid neoplasms in xenograft or transgenic
mice models.19-22

NPM/ALK exerts its transforming potential via its ability to
interact and activate several antiapoptotic and mitogenic signaling
transducers (ie, PI-3K, JAK, STAT, and PLC-�).17,23-26 The interac-
tion of NPM/ALK with these signaling molecules is either direct or
mediated by adapter proteins containing SH2- or phosphotyrosine-
binding domains.17,23 NPM/ALK has been shown to interact with
the adapter proteins IRS1, SHC, GRB2, and CRKL,14,17,18,23 and to
coimmunoprecipitate with PI-3K, STAT3, STAT5, JAK3, JAK2,
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NIPA (nuclear interacting partner of ALK), and p130CAS.27-29 The
significance of these interactions in NPM/ALK-mediated oncogen-
esis has been partially investigated. For example, activation of the
PI-3K pathway is required for the growth of BaF3-NPM/ALK–
transformed cells in mice, while STAT3 is essential for NPM/ALK-
induced lymphomagenesis in a transgenic mouse model.30,31 In
contrast, mutation of docking sites within NPM/ALK for SHC and
IRS1 did not affect the transforming ability of NPM/ALK in vitro,
while mutation of the PLC-� docking site only impaired mitogenic,
but not antiapoptotic, signaling.17 Since multiple pathways are
targeted by NPM/ALK, it is possible that functional redundancy
exists between pathways. Furthermore, the oncogenicity of NPM/
ALK is likely to be the result of a complex interplay between these
signaling pathways and possibly other as yet unidentified, down-
stream effectors. We report the identification of novel ligands of
NPM/ALK, including several multifunctional RNA/DNA-binding
proteins such as the polypyrimidine tract-binding protein-
associated splicing factor (PSF), the nuclear RNA-binding protein
54 kDa (p54nrb), translocated in liposarcomas (FUS/TLS), and
EWS (expressed in Ewing sarcoma).

Materials and methods

Antibodies

The polyclonal anti-PSF and the monoclonal anti-ALK1 antibodies have been
previously described.32,33 The anti-ALK11 polyclonal antibody was kindly
supplied by Dr S. W. Morris (St Jude Research Hospital, Memphis, TN). The
polyclonal anti–�-actin (Cell Signaling Technology, Danvers, MA), the poly-
clonal anti–lamin B1 (Abcam, Cambrige, United Kingdom), the polyclonal
anti-SHC (Upsate Biotech Lake Placid, NY), the monoclonal antihemagglutinin
(HA; clone HA-11; Covance, Berkeley Antibody Company, Berkeley, CA), the
monoclonal anti–histone H1 (Upstate Biotechnology, Lake Placid, NY), the
monoclonal F2 anti-PARP (Santa Cruz Biotechnology, Santa Cruz, CA), the
monoclonal anti-PSF (Sigma-Aldrich, St Louis, MO), and the antiphosphoty-
rosine (4G10; Upstate Biotechnology) antibodies were used as suggested by the
manufacturers. Normal rabbit IgG1 was obtained from Amersham (Arlington
Heights, IL). Horseradish peroxidase (HRP)–conjugated anti-mouse or anti-
rabbit secondary antibodies were obtained from Bio-Rad (Hercules, CA). The
Alexa Fluor 488 goat anti–mouse IgG was obtained from Molecular Probes
(Eugene, OR), and the Cy5 conjugated affinity goat anti–rabbit IgG was obtained
from Rockland (Gilbertsville, PA).

Plasmids

Full-length PSF cDNA cloned into the bacterial expression vector pET 15b
(Novagen, Madison, WI) has been previously described.34 To clone pCR3.1
containing full length HA-tagged PSF (pCR3.1-HA-PSF), the open reading
frame (ORF) of PSF was cloned into pCR3.1 (Invitrogen, San Diego, CA)
with BamHI and XhoI, then an HA tag was created at the 3� end of the ORF
of PSF. Site-directed mutagenesis of Tyr293 to Phe (Y293F) in HA-PSF
was performed using the QuikChange II XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA). pcDNA3.0 (Invitrogen) containing wild-type
NPM/ALK (pcDNA3-NA) or a kinase-dead NPM/ALK possessing the
K210R mutation (pcDNA3-NA-K210R) were kindly provided by S. W.
Morris (St Jude Research Hospital, Memphis, TN). pSG5 (Stratagene)
containing GCN4/ALK was created from a pSG5 vector already containing
GCN4/RAR. RAR was removed by digestion with EcoRV (blunt) and BglII
and replaced by ALK cytoplasmic domain ORF. To clone GCN4/ALK into
the MSCV-IRES-GFP retroviral expression system (BD Biosciences, San
Jose, CA), GCN4/ALK was excised from pSG5 with BglII and MSCV-IRES-
GFP was digested with Xho1. GCN4/ALK and MSCV-IRES-GFP were
blunt-ended with EcoR1 and ligated. For the retroviral construct MigR1-HA-
PSF, HA-tagged PSF was excised from pCR3.1-HA-PSF with BamHI and
XhoI, and subcloned into the BglII/XhoI sites of the bicistronic green
fluorescent protein (GFP)–containing MigR1 vector.

Cell lines

The murine IL-3–dependent pro-B BaF3 cell line, the SUDHL-1 (t(2:5)�)
human ALCL-derived cell line, the K562 (Ph� BCR/ABL�) human chronic
myeloid leukemia (CML)–derived cell line, human embryonic kidney
(HEK) 293T cells, and the Jurkat T-cell line were obtained from DSMZ
(Braunschweig, Germany). The human ALCL (t(2:5)�) JB6 cell line was
kindly provided by Dr F. Turturro (Louisiana State University Health
Science Center/Feist-Weiller Cancer Center, Shreveport, LA). BaF3 cells
were stably transfected with 10 �g pcDNA3-NA (BaF3-NA), pcDNA3-NA-
K210R (BaF3-KD), or pcDNA3-Bcr/Abl (BaF3-BA) by electroporation.
Clonal cell lines were obtained by limiting dilution. A stable BaF3 cell line
expressing GCN4/ALK was generated using MSCV-GCN4/ALK. BaF3
cells (106) were infected with supernatant from Phoenix packaging cells
(kind gift of G.P. Nolan, Stanford University School of Medicine, Stanford,
CA) transfected with retroviral construct MSCV-GCN4/ALK. GCN4/ALK-
expressing cells were selected by culturing in the absence of IL-3. All cells
were maintained in a humidified atmosphere at 37°C and 5% CO2.

Expression and purification of recombinant proteins

N-terminally 6xHis-tagged PSF protein was produced using BL21 competent
cells (Stratagene) and pET15b-PSF. Cells were harvested and lysed by sonication
in 50 mM NaH2PO4 and 300 mM NaCl (pH 8.0). Lysates were clarified by
centrifugation at 15 000g for 30 minutes at 4°C. PSF was purified using NI-NTA
agarose resin (QIAGEN, Hilden, Germany) in batch mode following instruc-
tions. 6xHis-taggedALK protein containing residues Leu1073-Ala1459 (ALK_HU-
MAN, GenBank accession no. Q9UM73), which includes the predicted kinase
domain, was produced using a Baculovirus expression system and purified as
described elsewhere.35 GST-tagged ALK (Leu1073-Ala1459) was expressed using
the Bac-to-Bac Baculorvirus expression system (Invitrogen) and purified using
GSTrap columns (GE Healthcare, Chalfont St Giles, United Kingdom).

Immunoprecipitation and Western blotting

Cells (20 � 106/sample) were washed in ice-cold PBS and lysed on ice in
lysis buffer (50 mM Tris HCl [pH 7.4], 1% Triton X-100, 5 mM EDTA,
150 mM NaCl, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF, and protease
inhibitor cocktail). Cell lysates were clarified by centrifugation at 12 000g
for 20 minutes at 4°C, and protein was quantified using the Bradford assay
(BioRad Laboratories, Hercules, CA). Frozen lymph nodes were obtained
from 2 patients with ALCL and normal spleen tissue was obtained from a
healthy donor, after informed consent (kindly provided by Dr P. Collini,
Pathology Department, National Cancer Institute, Milan, Italy). Tissues
were homogenized and lysed as described previously.36 Proteins were
immunoprecipitated by incubating 100 �g (cell lines), or 1.5 mg (patient
tissue) of total protein overnight with anti-PSF and anti-ALK1 at 4°C,
followed by a 1-hour incubation with 30 �L protein A–Sepharose (GE
Healthcare) at 4°C. Immunocomplexes were washed 5 times with ice-cold
lysis buffer, denatured, and subjected to SDS-PAGE. Western blots were
performed with anti-PSF, anti-ALK1, and anti-pTyr primary antibodies.

Tryptic digestion and mass spectrometric peptide sequencing

Anti-ALK1 immunocomplexes obtained by immunoprecipitation of
400 � 106 cells were resolved by SDS-PAGE and detected by silver
staining. Bands of interest were excised from silver stained gels, reduced,
alkylated, and digested overnight with bovine trypsin as described.37 A total
of 1 �L of supernatant containing the generated tryptic peptides was loaded
onto the matrix-assisted laser desorption/ionization (MALDI) target using
the dried droplet technique and �-cyano-4-hydroxycinnamic acid (HCCA)
acid as matrix. MALDI–time-of-flight (TOF) mass measurements were
performed on a Voyager-DE STR TOF mass spectrometer (Applied
Biosystems, Framingham, MA) operated in the delayed extraction and
reflector mode. Spectra, internally calibrated, were processed via the Data
Explorer software (Applied Biosystems). Proteins were unambiguously
identified by searching a comprehensive nonredundant protein database
using the program ProFound.38
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Kinase assays

Full-length purified 6xHis-tagged PSF was phosphorylated in 50 �L of
reaction buffer containing 25 mM HEPES (pH 7.5), 10 mM MgCl2, 10 mM
MnCl2, 0.037 MBq (1 �Ci; 4500 Ci/mmol) [�32P]ATP, 20 �M ATP, 2 mM
DTT, purified 6xHIS-ALK (0.4 �g), and purified 6xHis-PSF (0.25 �g).
After incubation at 30°C for 30 minutes, reactions were terminated by the
addition of 15 �L of 5 � Laemmli buffer. Samples were denatured,
subjected to SDS-PAGE, and visualized by autoradiography. Synthetic PSF
peptides were synthesized as previously described39 (Tyr293, Tyr251,
Tyr470, Tyr488-490, Tyr597-602, Tyr698) or purchased from Sigma.
Genosys, Hoverhill, United Kingdom (Tyr527 and Tyr624). PSF peptides
(400 �M) were phosphorylated in the presence of 10 U of GST-ALK as
described elsewhere.39 One unit was defined as the amount of GST-ALK
transferring 1 pmol phosphate per minute to the random polymer polyGlu4Tyr
(0.1 mg/mL) under standard conditions.

Nuclear and cytoplasmic extracts

Cells (3 � 107) were washed in ice-cold PBS, resuspended in a buffer
containing 20 mM HEPES (pH 7), 2 mM MgCl2, 10 mM KCl, 0.5% NP40,
and protease inhibitors, and homogenized using a Wheaton A Dounce
homogenizer (20 strokes; Wheaton Science Products, Millville, NJ).
Lysates were clarified by centrifugation at 1500g for 5 minutes. The
resulting supernatant was subsequently centrifuged at 15 000g for 10
minutes. The soluble fraction, representing the cytoplasmic extract, was
immediately transferred to a prechilled tube and stored on ice. The insoluble
fraction, which contains nuclei, was washed twice with ice-cold buffer and
then resuspended in buffer supplemented with 0.5 M NaCl and rocked
gently for 30 minutes at 4°C to extract nuclear proteins. The extracted
material was then centrifuged at 15 000g for 10 minutes, and the soluble
nuclear extract fraction was transferred to a prechilled tube and placed on
ice. Extracts were stored at �80°C until use.40

Immunofluorescence

293T cells were seeded on glass coverslips and transiently transfected with
5 �g pCR3.1-HA-PSF alone or together with 5 �g of pcDNA3-NA,
pcDNA3-NA-K210R, or pG5-GCN4/ALK, using the calcium phosphate
precipitation method. At 24 hours after transfection, the cells were fixed
with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 and
2% BSA in PBS at room temperature (RT) for 10 minutes. Cells were
incubated overnight at 4°C with the primary antibody, washed 3 times with
PBS 0.2% Triton X-100, and incubated for 1 hour at room temperature with
the relevant secondary antibodies. The nuclear staining was performed by
incubating with 50 �g/mL propidium iodide for 30 minutes at 37°C. The
coverslips were then washed and mounted. Fluorescence was detected
using the Nikon Eclipse 600 confocal microscope (Nikon, Melville, NY).

Proliferation and apoptosis assays

Parental BaF3, BaF3-NA, BaF3-BA, and BaF3-KD cells (5 � 106) were
transiently transfected by electroporation (260 V and 1050 �F) with 10 �g
pCR3.1 or pCR3.1-HA-PSF. Cells were then resuspended in medium with
(BaF3-Par, BaF3-KD) or without IL-3 (BaF3-NA, BaF3-BA), and cell
proliferation was measured at 24, 48, and 72 hours after transfection by
3H-thymidine incorporation as described previously.25 Apoptosis was
assessed by detecting PARP cleavage by immunoblotting with the anti-
PARP monoclonal antibody or by annexin V–fluorescein isothiocyanate
(FITC) binding using the Apoptosis Detection Kit (Bender MedSystems
Diagnostic, Vienna, Austria). Samples were analyzed using a FACScalibur
and CellQuest software (BD Bioscience, San Jose, CA).

Colony formation assay

The amphotropic-packaging cell line Phoenix A (G. P. Nolan, Stanford
University School of Medicine, Stanford, CA) was transiently transfected41

with MigR1-HA-PSF, and the infectious supernatant was used to infect
JB6, SUDHL-1, and Jurkat cell lines. After infection, cells were sorted for
GFP expression using a FACSCalibur. GFP� cells (103) were plated in 0.9%
Metho-Cult M3234 semisolid medium (Stem Cell Technologies, Vancou-
ver, BC, Canada), and colonies were scored 9 to 12 days later.42

Results

Identification of proteins coimmunoprecipitating with NPM/ALK

NPM/ALK was immunoprecipitated from SUDHL-1 cells, and
associating proteins were visualized by SDS-PAGE and silver
staining. Several proteins with diverse molecular weights (MWs)
coimmunoprecipitated with NPM/ALK (Figure 1A), but were not
present in anti-ALK1 immunoprecipitates from NPM/ALK� K562
cells or lysis buffer alone. Coimmunoprecipitating proteins with a
MW greater than 50 kDa were analyzed by MALDI-TOF, and 10
were identified. These included the heat-shock proteins HSP
90�/�,43,44 previously identified as NPM/ALK interacting pro-
teins,45 and novel ligands such as HSC 70,46 V-ATPase subunit-H,47

Stress-70 protein,48 nucleolin,49 PSF,50 FUS/TLS,51 nonO/p54nrb,52

and EWS53 (Table 1). NPM/ALK itself was also positively
identified demonstrating the reliability of the mass spectrometry
sequencing. Tandem mass spectrometry (MS/MS) profiles identify-
ing the PSF and NPM/ALK proteins are shown in Figure 1B.

The binding of NPM/ALK to PSF was further investigated by
reciprocal immunoprecipitation and Western blotting using NPM/

Figure 1. Identification of proteins coimmunoprecipitating
with NPM/ALK by mass spectrometry. (A) Silver-stained
SDS-PAGE gel of anti-ALK1 immunoprecipitates from NPM/
ALK� K562 cells (lane 1), lysis buffer alone (lane 2), and
NPM/ALK� SUDHL-1 cells (lane 3). Bands were excised from
the gel, trypsin-digested, and analyzed by MALDI-TOF. Identi-
fied proteins are indicated by arrows. (B) MS/MS sequencing
of peptides identifying PSF (GenBank accession no. P23246)
and NPM/ALK (GenBank accession no. AAA58698) proteins.
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ALK� cells (SUDHL-1– and NPM/ALK-transfected BaF3 cells
[BaF3-NA]) and NPM/ALK� cells (K562 and parental BaF3 cells
[BaF3-Par]). PSF was detected in anti-ALK1 immunoprecipitates
derived from t(2;5) SUDHL-1 and BaF3-NA cells (Figure 2A-B).
Accordingly, NPM/ALK was detected in anti-PSF immunoprecipi-
tates from the same cells. Coimmunoprecipitation of PSF and
NPM/ALK was also observed in primary lymph node tissue
obtained from 2 patients with NPM/ALK� ALCL, but not in spleen
tissue from a healthy donor (Figure 2C). Furthermore, PSF was
unable to interact with the kinase-dead NPM/ALK mutant ex-
pressed in BaF3 cells (BaF3-KD; Figure 2B). Thus, PSF is a bona
fide NPM/ALK ligand, and this interaction is strictly dependent on
NPM/ALK kinase activity.

To determine whether PSF can interact with ALK fusions other
than NPM/ALK, we assessed its ability to coimmunoprecipitate
with the GCN4/ALK fusion protein. GCN4/ALK contains the
coiled-coil homodimerization domain of the yeast GCN4 pro-
tein fused to the complete cytoplasmic domain of ALK.54 PSF
was able to interact with GCN4/ALK (Figure 2D), indicating
that the NPM moiety is dispensable for the PSF-ALK interac-
tion, and suggests that the PSF-ALK interaction is mediated
through the ALK kinase domain.

PSF is a direct target of NPM/ALK tyrosine kinase activity

Since NPM/ALK has a constitutive tyrosine kinase activity, and
PSF binds to NPM/ALK in cells, we examined whether PSF could
be a substrate of NPM/ALK. Initially, the tyrosine phosphorylation
status of PSF in cell lines expressing or not expressing NPM/ALK
was examined. A 100-kDa tyrosine-phosphorylated protein corre-
sponding to PSF was detected in anti-ALK and anti-PSF immuno-
precipitates from SUDHL-1 and BaF3-NA cells (Figure 3A). In
contrast, no such tyrosine-phosphorylated band was found in
anti-ALK and anti-PSF immunoprecipitates from K562, BaF3-KD,
and BaF3-Par cells. The fact that PSF was not phosphorylated in
K562 cells, which express the constitutively active tyrosine kinase
Bcr/Abl, suggests that PSF tyrosine phosphorylation is specifically
dependent on ALK activity. PSF was also found to be tyrosine-
phosphorylated in anti-ALK1 immunoprecipitates from lysates of
tissue from 1 lymph node from a patient with ALCL, but not from
normal spleen (Figure 3B). Due to insufficient material, it was not
possible to assess PSF tyrosine phosphorylation in ALCL lymph
nodes from patient 2.

To determine if PSF could be directly phosphorylated by ALK,
an in vitro kinase assay was performed using purified recombinant
6xHis-tagged ALK kinase domain and full-length 6xHis-tagged

Table 1. Summary of proteins coimmunoprecipitating with NPM/ALK from SUDHL-1 cells, identified by MALDI-TOF

NCBI Protein MW, kDa Description

P19338 Nucleolin 77 (theoretical), 110

(apparent)

Abundant RNA/DNA-binding nucleolar protein. Plays a major role in ribosome biogenesis and

implicated in other processes (eg, pre-mRNA metabolism, transcriptional repression, DNA repair,

replication, and recombination).49

P23246 PSF 74 (theoretical), 100

(apparent)

RNA/DNA-binding nuclear protein involved in pre-mRNA processing, transcriptional repression, DNA

repair replication, and recombination.50

P07900 HSP 90-� 90 Cytoplasmic protein belonging to the heat-shock 90 family of molecular chaperones.43

P08238 HSP 90-� 90 Cytoplasmic protein belonging to the heat-shock 90 family of molecular chaperones.44

AAA58698 NPM/ALK 80 Oncogenic fusion tyrosine kinase formed by the t(2;5) chromosomal rearrangement in ALCL.7

P38646 Stress-70 protein 75 Mitochondrial protein belonging to the heat-shock 70 family. Implicated in the control of cell proliferation

and cellular aging, and may act as a molecular chaperone.48

P35637 FUS/TLS 54 (theoretical), 68-75

(apparent)

Oncogenic nuclear RNA/DNA-binding protein involved in pre-mRNA processing, transcriptional

activation, and DNA recombination.51

Q01844 EWS 68 (theoretical) RNA binding protein involved in oncogenic fusion proteins with various transcription factors in sarcoma.

EWS fusion proteins are potent transcriptional activators.53

P11142 HSC70 70 Heat-shock cognate 70-kDa protein is a member of the heat-shock 70 family of molecular

chaperones.46

Q9UI12 Vacuolar-ATP synthase

subunit-H

56 Regulatory subunit of the universal proton pump required for the acidification of endosomes and

lysosomes.47

Q15233 p54nrb 54 RNA/DNA-binding nuclear protein involved in pre-mRNA processing, transcriptional activation, and

DNA repair replication.52

Proteins were identified in 6 independent experiments.

Figure 2. PSF coimmunoprecipitates with ALK fusion
proteins expressed in cell lines and ALCL tumors. Recipro-
cal immunoprecipitation (IP) and Western blotting (WB) experi-
ments were performed using anti-ALK1 and anti-PSF antibod-
ies on lysates derived from (A) NPM/ALK� SUDHL-1 cells and
NPM/ALK� K562 cells; (B) BaF3-NPM/ALK (BaF3-N/A), BaF3-
Parental (BaF3-PAR), and BaF3 cells expressing kinase-dead
NPM/ALK (BaF3-KD); (C) lymph node tissue taken from
2 patients with NPM/ALK� ALCL and NPM/ALK� spleen tissue;
and (D) BaF3 cells expressing GCN4/ALK (BaF3-GCN4/ALK).
As an internal control, SUDHL-1 and K562 cells were sub-
jected to IP with an anti-IgG antibody (A).
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PSF. Purified ALK kinase domain possesses autophosphorylation
activity and is able to phosphorylate PSF (Figure 3C), but not the
unrelated GST and BSA proteins (data not shown). In an attempt to
map the PSF tyrosine residue/s that is/are phosphorylated by ALK,
we synthesised 8 synthetic PSF peptides containing the potential
ALK tyrosine phosphorylation site. Peptides were chosen on the
basis of the ALK substrate consensus sequence39,55 and phosphory-
lation site prediction programs (eg, NetPhos 2.0 Server).56 The
ability of purified ALK kinase domain to phosphorylate these
peptides was determined by an in vitro kinase assay. Only the
peptide containing Tyr293 of PSF (target tyrosine in bold: PGEK-
TYTQRCRLFVGNLPADIT) was phosphorylated by ALK (Figure
3D). To confirm that PSF Tyr293 is indeed a bona fide ALK
phosphorylation site, we mutagenized Tyr293 to Phe and tran-
siently coexpressed the PSF Y293F mutant and NPM/ALK in 293T
cells. We observed that mutant PSF was no longer tyrosine
phosphorylated (Figure 3E top panel, lanes 2 and 4), unlike control
wild-type PSF (Figure 3E top panel, lanes 3 and 5). Mutant PSF did
not coimmunoprecipitate with NPM/ALK (Figure 3E; lower panel,
lane 4). These data suggest that PSF is a substrate of NPM/ALK,
and that tyrosine phosphorylation occurs at Tyr293 of PSF and is
critical for the physical association of NPM/ALK and PSF.

ALK fusion proteins alter PSF subcellular localization

PSF normally displays a nuclear localization pattern, whereas
NPM/ALK is localized in both the cytoplasm and nucleus.14,57,58

Since NPM/ALK binds PSF, we investigated whether this associa-
tion affects the subcellular localization of PSF. Immunofluores-
cence and confocal microscopy experiments were performed in
293T cells transiently transfected with HA-PSF alone or cotrans-
fected with HA-PSF and NPM/ALK, NPM/ALK KD, or GCN4/
ALK (Figure 4). Since no anti-PSF antibody suitable for immuno-
fluorescence was available, ectopically expressed HA-PSF was
evaluated. In 293T cells, HA-PSF showed a characteristic nuclear

staining pattern when expressed alone (Figure 4A). However,
expression of HA-PSF together with active ALK fusion proteins,
NPM/ALK or GCN4/ALK, resulted in HA-PSF localization in
both the nucleus and cytoplasm (Figure 4C,D). In contrast,
kinase-dead NPM/ALK did not affect the nuclear localization of
HA-PSF (Figure 4B), consistent with its inability to coimmunopre-
cipitate with NPM/ALK (Figure 2B). To confirm the delocalization
of PSF in NPM/ALK-expressing cells, we prepared nuclear and
cytoplasmic protein extracts from JB6, SUDHL-1, and Jurkat cells,
and detected PSF in these extracts by Western blotting. In the
negative-control Jurkat cells, PSF was only detected in the nuclear
extract (Figure 5A lanes 6 and 9), whereas in SUDHL-1 and JB6
cell lines, PSF was detected in both the nuclear and cytoplasmic
extracts (Figure 5A lanes 4, 5, 7, and 8). Both nuclear and
cytoplasmic fractions appear to contain phosphorylated PSF (Fig-
ure 5B). Interestingly, coexpression of the mutant Y293F PSF with
active NPM/ALK resulted in the localization of mutant PSF only in
the nucleus (Figure 4E). Therefore, these results demonstrate that
ALK fusion proteins can induce the relocalization of PSF from the
nucleus to the cytoplasm and indicate that Y293 phosphorylation is
needed for PSF delocalization.

Forced PSF expression induces growth arrest and apoptosis,
and reduces the clonogenic potential of NPM/ALK� cells

We investigated the effect of overexpression of PSF on cells expressing
and not expressing NPM/ALK. Since NPM/ALK expression is associ-
ated with phosphorylation and delocalization of PSF into the cytoplasm,
it is plausible that PSF might contribute to the oncogenic activity of
NPM/ALK. We transiently overexpressed HA-tagged PSF in BaF3-NA
cells and observed a marked inhibition of proliferation in these cells
compared with cells transduced with empty vector alone (Figure 6B). In
contrast, PSF overexpression did not affect the growth of BaF3-Par
cells, BaF3-KD cells, or BaF3 cells stably transformed with BCR/ABL
(BaF3-BA; Figure 6A,C,D). The overexpression of HA-PSF was

Figure 3. PSF is tyrosine-phosphorylated in NPM/ALK-
expressing cells and is a substrate of ALK tyrosine kinase
activity. (A) Anti-ALK1 and anti-PSF immunoprecipitates (IPs)
from SUDHL-1, K562, BaF3-Par, BaF3-KD, and BaF3-NA cells
were Western blotted with an antiphosphotyrosine (anti-pTyr)
antibody. (B) Anti-ALK1 immunoprecipitates from lymph nodes
derived from patient 1 with NPM/ALK� ALCL and NPM/ALK�

spleen tissue were Western blotted using the anti-pTyr antibody.
(C) A radioactive in vitro kinase assay was performed with purified
recombinant 6xHisALK kinase domain (rALK) and purified full-
length 6xHis-PSF. Protein purity was checked by coomassie
staining (Ci). Kinase assay was performed in the presence of rALK
kinase domain alone (0.4 �g), PSF alone (0.25 �g), or rALK and
PSF together. Samples were analyzed by SDS-PAGE and visual-
ized by autoradiography (Cii). Bands corresponding to PSF and
ALK are indicated by arrows. (D) Time courses of the phosphoryla-
tion of PSF peptides (400 �M) by GST-ALK. The peptide se-
quences are as follows: Tyr251, RGGRQHHPPYHQQHHQGP;
Tyr293, PGEKTYTQRCRLFVGNLPADIT;Tyr470, EKLAQKNPMY-
QKERETPTR; Tyr488-490, TFEYEYSQRWKSLDEMEKQQR;
Tyr527, EMEDAYHEHQANLLRQDLMRRQ; Tyr597-602, RE-
ESYSRMGYMDPRERDMR; Tyr624, MNMGDPYGSGGQKFP-
PLGGG; and Tyr698, GRGREEYEGPNKKPRF (target ty-
rosine in bold). (E) Immunoprecipitation with anti-HA (lanes
2,3) and anti-ALK1 (lanes 4,5) monoclonal antibodies of lysate
derived from 293T cells transiently transfected with wild-type or
mutant Y293F HA-PSF together with NPM/ALK. Immunopre-
cipitates were resolved by SDS-PAGE, and Western blotting
with anti-pTyr and anti-HA antibodies was performed. Lane 1
shows lysate from nontransfected 293T cells.
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confirmed by Western blotting (Figure 6E). Unlike wild-type PSF, the
mutant Y293F PSF had no effect on the proliferation of BaF3-NA cells
(Figure 6G,H). We subsequently evaluated the effect of ectopic PSF
expression on the clonogenicity of NPM/ALK� cell lines. A retroviral
vector carrying HA-tagged PSF (MigR1-HA-PSF) was used to trans-
duce the NPM/ALK� human cell lines, JB6 and SUDHL-1, and the
NPM-ALK� Jurkat cell line. The effect of PSF overexpression on
clonogenic potential was assessed in transduced cells using a methylcel-
lulose colony formation assay. Overexpression of HA-PSF induced a
marked decrease in the number of colonies derived from the NPM/
ALK� human cell lines, while having no effect on the NPM/ALK�

Jurkat cells (Figure 6F). Transduction with MigR1 alone in JB6,
SUDHL-1, and Jurkat cells had no effect on colony formation (Figure
6F). These results indicate that PSF overexpression exerts growth arrest
specifically in NPM/ALK-expressing cells.

The decrease of BaF3-NA cell proliferation was also accompa-
nied by the induction of apoptosis, demonstrated by the cleavage of
the caspase substrate, PARP59 (approximately 112 kDa), to approxi-
mately 85- and 25-kDa proteolytic products (Figure 7A). The

induction of apoptosis by PSF overexpression in the presence of
NPM/ALK was also evident when using the Annexin V binding
assay (Figure 7F). Apoptosis was not observed in nontransfected
controls or in cells transfected with HA-PSF alone or together with
kinase-dead NPM/ALK (Figure 7C-E). The level of HA-PSF and
NPM/ALK expression in transfected cells was controlled by
Western blotting (Figure 7B). Therefore, forced overexpression of
PSF induces apoptosis in NPM/ALK-expressing cells.

PSF phosphorylation alters its RNA binding and transcriptional
repression activities.

To further verify if NPM/ALK-mediated phosphorylation of PSF
alters its biological functions, we studied 2 known activities of
PSF: its RNA-binding ability60,61 and its transcriptional repressor
activity of GAGE6.62 To study the first activity, the binding of
purified PSF to a labeled, specific oligo RNA60 was evaluated. As
shown in Figure S1 (available on the Blood website; see the
Supplemental Materials link at the top of the online article), the

Figure 4. PSF is delocalized to the cytoplasm in cells
expressing ALK fusion proteins. Indirect immunofluores-
cence was performed on 293T cells transiently transfected
with HA-PSF alone, or together with kinase-dead NPM/
ALK (KD-N/A), NPM/ALK (N/A), GCN4/ALK (G/A), or with
mutant HA-PSF-Y293F together with NPM/ALK (N/A).
Fluorescence was detected by confocal microscopy. Nu-
clei were detected using propidium iodide (PI) shown in red
(column 1). HA-PSF was detected by FITC staining shown
in green (column 2). NPM/ALK was detected by Cy5
staining shown in blue (column 3). A transmission image in
place of Cy5 staining is shown for cells transfected with
HA-PSF alone. Images were acquired using a Nikon
60�/1.4 NA oil-immersion objective lens, a medium solu-
tion of 95% glycerol in PBS, and a Biorad Laser Sharp
2000 camera; image processing was done with Adobe
Photoshop CS2 version 9.0.

Figure 5. PSF content in cytoplasmic and
nuclear extracts derived from human cell lines.
Nuclear and cytoplasmic extracts were prepared
from the NPM/ALK� cell line, Jurkat, and the NPM/
ALK� cell lines, SUDHL-1 and JB6. (A) Total cell
lysates (lanes 1-3), cytoplasmic extracts (lanes 4-6),
and nuclear extracts (lanes 7-9) were resolved by
SDS-PAGE, and PSF was detected by Western
blotting (top panel). The purity of the extracts were
controlled by Western blotting with anti-�-actin for
the cytoplasm (middle panel) and anti-histone H1 for
thenucleus (bottompanel). (B)Nuclearandcytoplas-
mic extracts from SUDHL-1 cells were probed with
antiphosphotyrosine antibody.
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RNA probe specifically recognized PSF as evidenced by the
formation of a band; this binding was increased by the NMP/ALK-
mediated phosphorylation of PSF (lane 2 versus 4). To evaluate the
transcriptional activity of PSF on GAGE6, 293T cells were
transfected with PSF and/or NPM/ALK, and the expression of
GAGE6 assessed by real-time polymerase chain reaction (PCR).
The results (Figure S2) show that NPM/ALK induced a substantial
increase in GAGE6 expression levels in PSF-transfected cells that
were not observed or greatly reduced when PSFY293F and
NPM/ALK were transfected.

Discussion

NPM/ALK induces cellular transformation by constitutive activa-
tion of multiple antiapoptotic and proliferative signaling pathways
through interactions with components of signaling cascades.5,29

NPM/ALK also associates with the chaperones HSP90 and HSP70
that regulate its degradation,45 and with NPM that localizes

NPM/ALK in the nucleus.14 Hence, NPM/ALK ligands play an
important role in mediating not only downstream signaling, but
also impact on its subcellular localization. In this study, we
identified novel NPM/ALK ligands, including 5 nuclear RNA/DNA-
binding proteins: PSF, p54nrb, FUS/TLS, EWS, and nucleolin. A
study by Crockett et al employing a similar proteomics approach to
identify NPM/ALK-interacting partners identified a number of
cytoplasmic signaling proteins, including adaptor molecules, ki-
nases, and phosphatases.63 The RNA/DNA-binding proteins re-
ported here were not identified, most likely due to differences in
experimental conditions. However, a more recent publication
identified an RNA-binding protein associated to NPM/ALK.64 The
association of PSF with NPM/ALK was confirmed in ALCL-
derived cell lines and patient samples, and required an active ALK
kinase domain. PSF also bound to GCN4/ALK, suggesting that the
interaction may be mediated via the ALK portion of the fusion
protein. Therefore, PSF binding may be a common feature of
variant ALK fusion proteins.

Figure 6. PSF overexpression reduces the growth rate
and clonogenic potential of NPM/ALK-expressing cells.
BaF3-Par (A), BaF3-NA (B), BaF3-KD (C), and BaF3-BA
(D) cells were transiently transfected with pCR3.1 encoding
HA-PSF (PSF) or with empty vector (CON). Cell prolifera-
tion was measured by 3H-thymidine incorporation at 24, 48,
and 72 hours after transfection. Results are shown as the
mean (	 SD) and are representative of 3 independent
experiments. (E) Expression of HA-PSF was verified by
Western blotting using anti-HA antibody at 72 hours, and
protein loading was controlled by antiactin Western blotting.
(F) The NPM/ALK� cell lines, JB6 and SUDHL-1, and the
NPM/ALK� cell line, Jurkat, were transduced with the
MigR1-HA-PSF construct (u), or the MigR1 retrovirus alone
(f). Cells were selected for GFP positivity, and clonogenic
potential was measured by colony formation in methylcellu-
lose. Results are expressed as the mean (	 SEM) of 3
independent clonogenic assays. Significance was deter-
mined by comparing MigR1 alone versus MigR1-HA-PSF in
a 2-tailed paired samples t test. (G) BaF3-NA cells were
transiently transfected with pCR3.1 encoding HA-Y293T
PSF or with empty vector (CON). Error bars are standard
deviation. (H) Transfection efficiency was controlled by
anti-HA immunoblotting at 48 hours in control (CON) and
HA-PSF Y293F samples loaded on the same gel. Total
protein loading was controlled by antiactin immunoblotting.
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PSF is a multifunctional nuclear factor that has been implicated in
diverse reactions in the nucleus.65 It is normally associated with
subnuclear structures known as speckles, and with the nuclear mem-
brane and matrix.57,58,66 PSF consists of an N-terminal proline/glutamine-
rich domain that mediates interactions with proteins and DNA, 2
RNA-recognition motifs (RRMs) involved in interactions with proteins
and RNA, and a C-terminal region containing 2 nuclear localization
signals (NLSs).50 PSF forms multiprotein complexes that are involved
in pre-mRNA splicing,50,60,67 gene transcription,32,34,68,69 DNA repair,70

DNA recombination,71,72 and cytoplasmic mRNA stability.73 PSF is
most commonly associated with the closely related p54nrb nuclear
factor,52 and has also been reported to interact with EWS and TLS/
FUS.74 Since these proteins were also identified as novel NPM/ALK
ligands, it is possible that NPM/ALK interacts with multiprotein
complexes containing PSF and these other RNA/DNA-binding proteins.

We also showed that PSF is a substrate of ALK in vitro and is
tyrosine-phosphorylated in NPM/ALK-expressing cell lines and in
primary ALCL lymph node tissue. Mapping of the phosphorylation
sites in PSF identified Tyr293 as the phosphorylated residue.
Interestingly, the Y293F PSF mutant did not coimmunoprecipitate
with NPM/ALK, which suggests that PSF phosphorylation may
stabilize the interaction with NPM/ALK, or with another adaptor

protein present in the NPM/ALK complex. The effect of tyrosine
phosphorylation on PSF function has not been described previ-
ously, although both PSF and p54nrb have been identified as
tyrosine-phosphorylated proteins associating with the nuclear enve-
lope in neuroblastoma cells.75 By contrast, serine/threonine phos-
phorylation of PSF, p54nrb, TLS/FUS, and the serine-arginine (SR)
family of splicing factors represents a mechanism through which
the multiple function(s) of these RNA/DNA-binding proteins are
regulated.71,74,76-80 For example, PKC-mediated phosphorylation of
PSF, p54nrb, and TLS/FUS regulates RNA binding/processing and
DNA recombination reactions.71,74,76-78 In light of the regulation of
PSF activity by SR phosphorylation, it is possible that NPM/ALK
may alter PSF function by tyrosine phosphorylation. The experi-
ments performed here suggest that tyrosine phosphorylation of PSF
can increase its RNA binding and inhibit the transcriptional
repressor function of PSF.

PSF function may also be affected by its delocalisation to the
cytoplasm in cells expressing active ALK fusion proteins, includ-
ing NPM/ALK� ALCL cell lines. Since kinase-dead NPM/ALK
did not cause delocalization of PSF, it is conceivable that delocal-
ization is dependent on tyrosine phosphorylation, possibly by
stabilizing the PSF-NPM/ALK interaction. This hypothesis is
supported by the finding that the mutant Y293F PSF was not
phosphorylated, did not associate with NPM/ALK, and was not
delocalized in NPM/ALK-expressing cells. The finding that both
nuclear and cytoplasmic PSF fractions are tyrosine-phosphorylated
in NPM/ALK� cells is compatible with the subcellular localization
of NPM/ALK inside cells.

The delocalization of PSF to the cytoplasm may alter its
nuclear-associated functions. The fact that NPM/ALK-mediated
phosphorylation of PSF increases its RNA binding activity (Figure
S1), and that the combined transfection of NPM/ALK and PSF
leads to an increase in GAGE6 transcription (Figure S2), are
compatible with this hypothesis, which however will require
further confirmatory experiments.

The modulation of other nuclear proteins via relocalization to
the cytoplasm has been reported. For example, the oncogenic
fusion protein PSF-TFE3, identified in papillary renal cell carci-
noma,81 causes endogenous TFE3 and p53 to relocalize into the
cytoplasm, thereby stimulating their degradation and inactiva-
tion.82 Another example is offered by the cytoplasmic relocation of
NPM caused by C-terminal mutations, which are currently consid-
ered the primary leukemogenic event that disrupts normal NPM
function in a cohort of patients with acute myeloid leukemia.83

From these data, it could be hypothesized that NPM/ALK-
mediated phosphorylation of PSF may impact on the expression of
factors regulating cell growth and apoptosis. Indeed, other ALK-
associated factors such as NIPA protect NPM/ALK-expressing
BaF3 cells from apoptosis through a mechanism requiring NPM/
ALK activity and NIPA phosphorylation.27 Interestingly, overexpres-
sion of PSF, but not of Y293F PSF, specifically inhibited prolifera-
tion, clonogenic potential, and induced apoptosis in NPM/ALK�

cells. The interpretation of these results requires caution. The data
showing that Y293F PSF did not inhibit growth could be inter-
preted in 2 ways: that phosphorylation of overexpressed PSF by
NPM/ALK is necessary for such effects, or that the mutation of
residue 293, which is located very close to the RRM1 domain
(residues 297-369), affects other functions of PSF. The mecha-
nisms by which overexpression of PSF leads to growth inhibition
remain to be established and will be the subject of further studies.

In conclusion, we report here that NPM/ALK associates with and
phosphorylates several RNA/DNA-binding proteins, in particular the

Figure 7. PSF overexpression induces apoptosis in NPM/ALK-expressing cell lines.
(A) BaF3-Par, BaF3-KD, and Baf3-NA cells were electroporated with pCR3.1 plasmid
alone (lanes 1-3) and with pCR3.1 HA-PSF (lanes 4-6). After 30 hours of culture, the
cell extracts from 5 � 106 cells were lysed and subjected to denaturing SDS-PAGE
and Western blotting with an anti-PARP antibody. PSF expression and protein
loading were controlled by anti-HA and antiactin Western blotting. (B-F) 293T cells
were transiently transfected with pCR3.1 empty vector (CON) or HA-PSF alone or
together with kinase-dead or wild-type NPM/ALK. The efficiency of transfection was
determined by anti-HA and anti-ALK1 Western blotting at 72 hours after transfection
(B). Apoptosis was assessed at the same time point by Annexin V analysis in control
cells (C), cells transfected with HA-PSF alone (D), or together with kinase-dead
NPM/ALK (E) (HA-PSF � N/A-KD), or wild-type NPM/ALK (F) (HA-PSF � NA). C-F,
live cell percentages are shown in the bottom left panels; apoptotic cell percentages
in the bottom right panels, and dead cell percentages in the top right panels.
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multifunctional nuclear factor PSF. The data also show that PSF
delocalizes to the cytoplasm in cells containing constitutively active
forms of ALK through a mechanism that involves NPM/ALK-
dependent phosphorylation of Tyr293 of PSF. Data were also provided
showing that forced PSF expression impairs cell growth, induces
apoptosis, and decreases clonogenic potential of NPM/ALK-expressing
cells. Therefore, PSF might play a role in NPM/ALK-mediated lym-
phomagenesis through mechanisms that require further investigation.
Whether PSF could be a target for other oncogenes also remains to be
determined. Such studies should lead to a greater understanding of the
mechanisms of ALK-mediated transformation.
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