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Type I insulin-like growth factor receptor
(IGF-IR) tyrosine kinase plays important
roles in the pathogenesis of several malig-
nancies. Although it promotes the growth
of stimulated hematopoietic cells, a direct
role of IGF-IR in malignant lymphoma has
not been identified. Anaplastic lymphoma
kinase-positive anaplastic large-cell lym-
phoma (ALK� ALCL) is a unique type of
T-cell lymphoma. Approximately 85% of
ALK� ALCL cases harbor the transloca-
tion t(2;5)(p23;q35), which generates the

chimeric oncogene NPM-ALK. In the
present study, we explored a possible
role of IGF-IR in ALK� ALCL. Our results
demonstrate that IGF-IR and IGF-I are
widely expressed in ALK� ALCL cell lines
and primary tumors. Importantly, we iden-
tified novel reciprocal functional interac-
tions between IGF-IR and NPM-ALK. An-
tagonism of IGF-IR decreased the viability,
induced apoptosis and cell-cycle arrest,
and decreased proliferation and colony
formation of ALK� ALCL cell lines. These

effects could be explained by alterations
of cell survival regulatory proteins down-
stream of IGF-IR signaling. Our findings
improve current understanding of the bi-
ology of IGF-IR and NPM-ALK and have
significant therapeutic implications as
they identify IGF-IR signaling as a poten-
tial therapeutic target in ALK� ALCL and
possibly other types of malignant lym-
phoma. (Blood. 2009;114:360-370)

Introduction

Type I insulin-like growth factor receptor (IGF-IR) is a tetrameric
transmembrane receptor tyrosine kinase that is composed of 2 �
and 2 � subunits linked by disulfide bonds.1 The activation of
IGF-IR is primarily mediated through its mitogenic ligands IGF-I
and, to a lesser degree, IGF-II. In addition, IGF-IR shows much
lower affinity to insulin.2 Ligand binding to IGF-IR activates its
intrinsic tyrosine kinase activity, which leads to trans-� subunit
autophosphorylation and subsequent stimulation of major signaling
cascades including IRS-1/PI-3K/Akt/FKHR, Grb/Ras/MAPK, and
JAK/STAT.3-8 Signaling through IGF-IR contributes to the develop-
ment of human malignancies and to the proliferation and viability
of their cells. The ability of IGF-IR to induce transformation and
mitogenesis and to promote cell survival has been shown by using
in vitro and in vivo experimental models.9-11 Furthermore, IGF-IR
plays important roles in regulating cell differentiation, shape and
migration, and metastatic potential.12-17 These effects have been
demonstrated in solid tumors including those of the prostate,
breast, colon, lung, and neural tissues.18-24 As clinical trials are
currently underway, it is anticipated that selective or specific
antagonism of IGF-IR signaling will be used for the treatment of
some of these malignancies in the near future.2,25-28

Previous studies have documented that IGF-IR is also expressed
in hematopoietic cells and in some myeloid and lymphoid neoplas-
tic cells.29 IGF-I/IGF-IR signaling is required for the proliferation
and cytokine-independence of stimulated hematopoietic cells.29-32

Despite these important observations, few studies have explored
the role of IGF-IR in hematologic malignancies, and the overwhelm-
ing majority of these studies focused on plasma cell myeloma.33-35

To our knowledge, a specific role of IGF-IR has yet to be identified
in malignant lymphoma.

Anaplastic lymphoma kinase (ALK) is a transmembrane recep-
tor tyrosine kinase that belongs to the insulin receptor superfamily.
The physiologic expression of ALK is exclusively restricted to
embryonic cells of neural origin, which suggests that ALK may
play a role in the development of neural tissues.36,37 In a unique
type of T-cell lymphoma, identified by the World Health Organiza-
tion classification scheme as anaplastic large-cell lymphoma
(ALCL), ALK-positive (ALK�), ALK is expressed and constitu-
tively activated because of one of several chromosomal aberrations
involving the ALK gene on chromosome 2p23.38 The translocation
t(2;5)(p23;q35), which also involves the NPM (nucleophosmin)
gene, constitutes approximately 85% of these aberrations. One
major outcome of this translocation is the generation of the
NPM-ALK chimeric protein and a constitutively active ALK.39,40

ALK� ALCL is an aggressive type of malignant lymphoma that
frequently affects children and young adults.41,42 The patients
usually present with widespread systemic disease and B symptoms.
After an initial response to the current combination chemotherapy
cyclophosphomide,adriamycin,vincristine,andprednisone(CHOP)–
based therapy, 30% to 40% of the patients have a relapse, and
subsequent death is not uncommon.43-45

NPM-ALK induces significant oncogenic effects,46 but the exact
mechanisms involved are not completely understood. NPM-ALK
associates and functionally interacts with an array of molecules known
to regulate cell survival and growth such as IRS-1/PI-3K/Akt/FKHR
and JAK/STAT.47 BecauseALK demonstrates structural homology with
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IGF-IR, and several downstream survival molecules are shared between
the 2 kinases, we explored whether ALK� ALCL cells express IGF-IR.
We also investigated possible functional interactions between IGF-IR
and NPM-ALK kinases and whether IGF-IR signaling directly contrib-
utes to the survival of this type of aggressive malignant lymphoma.

Methods

Antibodies

Details are included in the supplemental methods (available on the Blood
website; see the Supplemental Materials link at the top of the online article).

Cell lines, cell cultures, and treatments

Five ALK� ALCL cell lines—Karpas 299, SU-DHL-1, SUP-M2, SR-786,
and DEL—were used. The P6 (mouse BALB/c3T3 fibroblasts overexpress-
ing human IGF-IR) and R� (mouse 3T3-like fibroblasts with targeted
ablation of Igf1r) cell lines were a generous gift from Dr R. Baserga
(Thomas Jefferson University, Philadelphia, PA) and were used as positive
and negative controls, respectively, for the expression of IGF-IR.48,49 The
plasma cell myeloma EJM cell line (DSMZ) and the spontaneously
immortalized Schwann cells RSC96 (ATCC) were used as positive and
negative controls, respectively, for the expression of IGF-I. The human
fibroblast cell line AG01523 (Coriell Institute for Medical Research) was
used as a negative control for picropodophyllin (PPP) effect.34 In addition,
Jurkat (provided by Dr J. Chandra, The University of Texas M. D. Anderson
Cancer Center, Houston, TX) and 293T (ATCC) cell lines were used in
transfection experiments. The ALK-negative ALCL cell line Mac-2A
(provided by Dr G. Rassidakis, The University of Texas M. D. Anderson
Cancer Center, Houston, TX) was used in some of the experiments. Cell
lines were maintained in RPMI 1640 (ALK� ALCL and Jurkat cell lines),
Dulbecco modified Eagle medium (DMEM; P6, R�, RSC96, 293T), Iscove
modified Dulbecco medium (IMDM; EJM), or Eagle minimum essential
medium in Earle balanced salt solution (EEMEM; AG01523) supplemented
with 10% fetal bovine serum (FBS; 15% FBS for AG01523 and Mac-2A;
Sigma-Aldrich), 2 mM glutamine, 100 U/mL penicillin, and 100 �g/mL
streptomycin at 37°C in humidified air with 5% CO2. Normal human
peripheral blood pan T cells were from Allcells (PB009.1F).

Selective targeting of IGF-IR was achieved by using the cyclolignan
PPP (Clontech) dissolved in ethanol to a concentration of 0.5 mM (final
concentration of ethanol was less than 0.4% by volume). In some
experiments, cells were treated with recombinant human IGF-I (291-G1-
050; R&D Systems) after being cultured in serum-free medium for 3 hours
(viability, migration, and apoptosis analysis) or overnight (kinase assay).
Then, 500 ng/mL IGF-I were added with/without anti–IGF-I neutralizing
antibody or anti-IGF-IR blocking antibody at concentrations of 2.5 or
5 �g/mL, respectively.

Excluding 293T cells, electroporation was used to transfect small
interfering RNA (siRNA) or plasmids. Transfection of 293T cells was
performed using Lipofectamine 2000 (Invitrogen). Specific targeting of
IGF-IR or ALK was achieved by transient transfection with SMARTpool-
designed siRNA (mixture of 4 different constructs). The siCONTROL
Non-Targeting siRNA was used as a negative control (Dharmacon).
Transfection of the cells by siRNA or plasmids was performed using the
Nucleofector “V” solution as recommended by the manufacturer (Amaxa
Biosystems; A-030 program for ALK� ALCL, T-030 for P6 and R�, and
X-001 for Jurkat cell lines).

Expression plasmids

Full-length NPM-ALK (amino acids 1-680) in pCDNA3.1(�) was mutated
to generate the K210A, Y338F, Y567F, Y644F, Y646F, and Y664F mutants
by using the QuickChange II XL site-directed mutagenesis kit (200521-5;
Stratagene) according to the manufacturer’s instructions. To prepare
deletion mutants of NPM-ALK (NPM-ALK/98-680 and NPM-ALK/98-
566), primers NPM-ALK-HindIII/ATG-F (5�-CCAAGCTTATGGTGGTCT-
TAAGGTTGAA-3�) and NPM-ALK-Xho1/ACT1-R (5�-AACTCGAGT-

CAGGGCCCAGGCTGGTTCA-3�) or NPM-ALK-Xho1/ACT2-R (5�-
AACTCGAGTCACGTTGGGTTCCACAAGCTGGTTT-3�) were used to
amplify portions of NPM-ALK, which subsequently were digested with
HindIII/Xho1 and subcloned into pCDNA3.1(�). The human IGF-IR
containing a complete open reading frame in pBluescriptII KS(�) (gift
from Dr D. LeRoith, Mount Sinai School of Medicine, New York, NY) was
subcloned into the EcoR1 and Not1 sites of pCDNA3.1(�). The mutation
Y1131,1135,1136F of IGF-IR kinase domain was generated using a similar
approach. Mutant DNA was sequenced using ABI 3730xl Genetic Analyzer
(Applied Biosystems). The NPM-ALKK210R plasmid was provided by Dr G.
Rassidakis.

Relative antigen density of IGF-IR

Details are included in the supplemental methods.

Cell viability and proliferation assays

Details are included in the supplemental methods.

Apoptosis detection

Details are included in the supplemental methods.

Cell-cycle analysis

Details are included in the supplemental methods.

Cell migration assay

Details are included in the supplemental methods.

Colony formation in soft agar

Details are included in the supplemental methods.

Autocrine release of IGF-I

Details are included in the supplemental methods.

Reverse transcription polymerase chain reaction

Total RNA was isolated using the RNeasy Mini kit (QIAGEN). Re-
verse transcription (RT) was performed using the One-Step RT-PCR kit
(QIAGEN). IGF-IR�, IGF-IR�, and IGF-I primers and the polymerase
chain reaction (PCR) conditions are shown in Table 1. Two different sets of
IGF-I primers were used for confirmation. Amplification was performed in
a PTC100 thermal cycler (MJ Research). �-Actin (RDP-38; R&D Systems)
was used as control. The PCR products were detected by ethidium bromide
staining on a 1% agarose gel and visualized using the FluorChem 8800
imaging system (Alpha Innotech).

Tyrosine kinase activity

Details are included in the supplemental methods.

Immunoprecipitation and Western blot analysis

Cell lysates were obtained using standard techniques (lysis buffer detail is
included in the supplemental methods). For immunoprecipitation, lysates
were incubated with primary antibody overnight at 4°C. Agarose beads
conjugated with A/G were then added and incubated for 2 hours at 4°C. The
immunocomplexes were spun, washed 3 times with cold phosphate-
buffered saline (PBS) and once with lysis buffer, and then subjected to
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE).
For Western blotting (WB), 50- to 80-�g total proteins were electropho-
resed on 6% to 12% SDS-PAGE. The proteins were transferred to
nitrocellulose membranes and probed with specific primary antibodies and
then with the appropriate horseradish peroxidase–conjugated secondary
antibodies (Santa Cruz Biotechnology and GE Healthcare). Proteins were
detected using a chemiluminescence-based kit (GE Healthcare).
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STAT3 and FKHR binding to DNA

STAT3 or FKHR binding to DNA was examined using an electrophoretic
mobility shift assay (EMSA) technique and commercially available kits
(Panomics). Nuclear extracts were prepared from 2�106 cells using the
Nuclear Extract kit (Panomics). Then, 1 �g poly(dI-dC) and 10 ng biotin-
labeled STAT3 or FKHR probe were added to 5 �g nuclear extract and
incubated in binding buffer at 20°C for 30 minutes. For the supershift
analysis, specific antibody at 1 �g/reaction was incubated with the nuclear
proteins on ice for 20 minutes before labeled oligonucleotide was added.
The mixtures were separated on 6% nondenaturing PAG and subsequently
transferred to nylon membranes. After blocking, the membranes were
incubated with streptavidin-horseradish peroxidase conjugate. Detection
was performed, and the shifted bands corresponding to STAT3-DNA or
FKHR-DNA complex were visualized relative to the unbound double-
stranded DNA. In addition, 5 �g nuclear extracts were used for assessing

the binding of STAT3 or FKHR to DNA using the TransAM enzyme-linked
immunosorbent assay (ELISA) kits (45 196 for STAT3 and 46 396 for
FKHR; Active Motif) according to the manufacturer’s instructions.

Patients, tissue microarray, and immunohistochemical staining

Details are included in the supplemental methods. These studies were approved
by the ethical research committee at Cross Cancer Institute, and all patients
provided informed consent in accordance with the Declaration of Helsinki.

Statistical analysis

Statistical analysis was performed using Student t test for paired data or
2-way analysis of variance (ANOVA) and Bonferroni post hoc test, where
appropriate, in Prism 5 for Mac OS X software version 5.0b (GraphPad
Software). A P value less than .05 was considered statistically significant.

Results

Expression of IGF-IR and IGF-I by ALK� ALCL cell lines and
tumors

To explore the expression of IGF-IR protein and mRNA in 5 ALK�

ALCL cell lines, we used immunohistochemical staining, WB, and
RT-PCR. All ALK� ALCL cell lines demonstrated significant
levels of IGF-IR protein and mRNA (Figure 1A-C). P6 and R� cell
lines were used as positive and negative controls, respectively.
Interestingly, the R� cells that we used as a negative control for
IGF-IR demonstrated low levels of expression of the IGF-IR�
subunit mRNA, but were entirely negative for the IGF-IR� subunit
mRNA (Figure 1C). These cells were originally developed in mice
after targeted ablation of Igf1r.48 In agreement with our observa-
tions, a recent study showed that some R� cell subclones might
express low levels of IGF-IR�.50 We also performed quantitative
analysis of IGF-IR expression using flow cytometry. As shown in
Figure 1D, the ALK� ALCL cell lines demonstrated remarkably
higher levels of expression of IGF-IR compared with normal
human T lymphocytes. R� and P6 cells were used as negative and
positive controls, respectively.

Similar techniques were used to explore the expression of
IGF-I. EJM and RSC96 cells were used as positive and negative
controls, respectively. All of the ALK� ALCL cell lines except

Table 1. IGF-IR�, IGF-IR�, and IGF-I primers and PCR conditions

Primers and conditions

IGF-IR� (product size 307 bp)

Forward 5�-GTAGCTTGCCGCCACTACTACT-3�

Reverse 5�-GGAGCATCTGAGCAGAAGTAACAGA-3�

Amplification (35 cycles) 94°C (30 seconds), 58°C (30 seconds), 72°C

(30 seconds)

Final elongation 72°C (10 minutes)

IGF-IR� (product size 450 bp)

Forward 5�-TGGGGAAGGAGTGCTGTAT-3�

Reverse 5�-CGGCCATCTCTGAATCATCTTG-3�

Amplification (35 cycles) 94°C (60 seconds), 56°C (60 seconds), 72°C

(60 seconds)

Final elongation 72°C (10 minutes)

IGF-I (product size 413 bp)

Forward 5�-TCCTCGCATCTCTTCTACC-3�

Reverse 5�-TGGCATGTCACTCTTCACT-3�

Amplification (35 cycles) 94°C (60 seconds), 58°C (60 seconds), 72°C

(60 seconds)

Final elongation 72°C (10 minutes)

IGF-I (product size 299 bp)

Forward 5�-GAAGGTGAAGATGCACACCA-3�

Reverse 5�-AGCGAGCTGACTTGGCAGGCTTGA-3�

Amplification (35 cycles) 94°C (60 seconds), 63°C (40 seconds), 72°C

(60 seconds)

Final elongation 72°C (10 minutes)

Figure 1. Expression of IGF-IR by ALK� ALCL cell
lines. (A) Immunohistochemical staining demonstrates
the expression of IGF-IR protein in 5 ALK� ALCL cell
lines: Karpas 299, SU-DHL-1, SUP-M2, SR786, and DEL.
The cell lines R� and P6 were used as negative and
positive controls, respectively. The expression of IGF-IR
is limited to the cell membrane and cytoplasm, whereas
the nuclei are negative (original magnification, �400).
(B) WB studies confirm the results. It is important to note
that the overexpression of IGF-IR in P6 cells does not
represent a physiologic level. (C) RT-PCR shows the
presence of IGF-IR mRNA in the ALK� ALCL cell lines as
well as in the P6 cell line. Although IGF-IR� mRNA is not
detectable in R� cells, these cells appear to express very
low levels of IGF-IR� mRNA. (D) Quantitative flow cyto-
metric analysis shows that the ALK� ALCL cell lines
express significantly higher levels of IGF-IR compared
with normal human T lymphocytes. R� and P6 cell lines
were used as negative and positive controls for the
expression of IGF-IR, respectively. The estimated num-
bers of IGF-IR molecules/cell are shown.
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Karpas 299 expressed IGF-I protein (Figure 2A-B). RT-PCR for
IGF-I was performed using 2 different sets of primers to confirm
the results (Figure 2C). Significant levels of IGF-I mRNA were
present in SUP-M2 and SR786 cell lines. Lower levels were seen in
DEL cell line (Figure 2C). Moreover, IGF-I was detected in cell
culture supernatant from SUP-M2, SR786, and DEL, indicating
autocrine release by these cell lines (Figure 2D). RSC96 cells and
EJM cells were included because they lack or express IGF-I protein
and mRNA, respectively. Although EJM and SU-DHL-1 cells
expressed IGF-I protein, these cells had relatively low levels of
IGF-I in cell culture supernatant (Figure 2D). These findings
suggest that in certain cell types, despite high levels of expression,
significant autocrine release of IGF-I may not necessarily occur.

To explore the frequency of IGF-IR and IGF-I expression in tumors
from patients, we studied 12 previously characterized ALK� ALCL
primary tumors.51 In a reactive lymph node, weak expression of IGF-IR
was seen in germinal center lymphocytes, with more pronounced
expression in lymphocytes and plasma cells in the mantle zone (Figure
3A). The expression of IGF-IR was present in a majority representing 10
of 12 (83%) ALK� ALCL tumors. Two positive cases are shown in
Figure 3B-C. Weak expression of IGF-I was limited to a few scattered
lymphocytes in the reactive lymph node (Figure 3D). IGF-I was
detected in 8 of 12 (67%) tissue samples; Figure 3E-F depicts 2
examples of positive cases, and Figure 3G-H shows 2 negative cases.

We also studied the expression of IGF-IR and IGF-I proteins in
primary specimens from ALK-negative ALCL patients (supplemental

Figure 2. Expression of IGF-I by ALK� ALCL cell lines.
(A) Immunohistochemical staining of ALK� ALCL cell
lines demonstrates the expression of IGF-I in 4 cell lines:
SU-DHL-1, SUP-M2, SR786, and DEL. Karpas 299 cells
are negative for IGF-I. RSC96 and EJM cells served as
negative and positive controls, respectively. The expres-
sion of IGF-I is cytoplasmic, and the cell membranes and
nuclei are negative (�400). (B) WB shows similar find-
ings. (C) RT-PCR shows the presence of IGF-I mRNA
in SUP-M2, SR786, DEL (low level), and EJM, and
its absence in Karpas 299, SU-DHL-1, and RSC96.
(D) ELISA supports autocrine release of IGF-I. SUP-M2,
SR786, and DEL cell lines demonstrate the presence of
IGF-I in cell culture supernatants. The EJM cell line was
included because it expresses IGF-I protein and mRNA.
IGF-I is almost undetectable in cell culture supernatants
from Karpas 299 and RSC96 cells. The experiment was
repeated 3 times, and the results are shown as the
mean � SD. P 	 .01 for SUP-M2, SR786, and DEL
compared with other cell lines.

Figure 3. Expression of IGF-IR and IGF-I in primary tumors from ALK� ALCL patients. (A) Immunohistochemical staining of sections from a reactive lymph node shows
that IGF-IR is weakly expressed in germinal center lymphocytes. The expression of IGF-IR is more pronounced in small lymphocytes and plasma cells in the mantle zone
(�400). Of 12 ALK� ALCL tumor samples, 10 demonstrated significant levels of expression of IGF-IR. Examples of 2 positive tumors are shown in panels B and C.
(D) Immunohistochemical study of a reactive lymph node shows very low levels of expression of IGF-I in scattered small lymphocytes and plasma cells. Eight of 12 ALK� ALCL
tumors showed the expression of IGF-I. Two positive cases are illustrated in panels E and F. (E) The large infiltrating tumor cells are positive for IGF-I, and the background small
benign lymphocytes are negative. (F) Lymph node architecture is replaced by tumor cells that are strongly positive for IGF-I. (G-H) Illustrated are 2 ALK� ALCL cases where the
lymphoma cells are negative for IGF-I.
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Figure 4. Physical association and reciprocal functional interactions between IGF-IR and NPM-ALK. (A left panel) Immunoprecipitation by anti-IGF-IR antibody followed
by WB by anti-ALK antibody shows IGF-IR and NPM-ALK to be physically associated in 5 ALK� ALCL cell lines. P6 and R� cells were included as controls. Vertical lines have
been inserted to indicate repositioned gel lanes. (A right panel) To rule out nonspecific binding of the protein of interest, a control was used in all experiments where beads were
used without an antibody, and the results from the DEL cell line are shown as a representative example. (B top panel) Transfection studies in 293T cells show that the deletion of
the C terminus of NPM-ALK abrogates its ability to bind to IGF-IR, whereas deletion of the NPM portion does not affect this ability, as it appears to be similar to WT NPM-ALK.
(B bottom panel) Adequate protein expression of different NPM-ALK constructs after transfection into 293T cell line is shown using coimmunoprecipitation. (C top panel)
Transfection experiments in 293T cells show that IGF-IR possesses much less ability to bind to NPM-ALKY644F or NPM-ALKY664F mutant compared with its ability to bind to WT
NPM-ALK, NPM-ALKY567F, or NPM-ALKY646F. (C bottom panel) WB shows adequate expression of the different NPM-ALK constructs. (D) Suggesting the functional interaction
between IGF-IR and NPM-ALK, specific targeting of NPM-ALK using ALK siRNA induces marked down-regulation of pIGF-IR in Karpas 299 and SR786 cells. Changes are not
seen in IGF-IR. The findings are consistent when anti-IGF-IR antibody was used for immunoprecipitation followed by anti-pTyr antibody for WB. The experiment was performed
in other ALK� ALCL cell lines with consistent results. (E) Although treatment of the Karpas 299 cell line with ALK siRNA induces down-regulation of pAkt and pSTAT3, this effect
is diminished when the cells are additionally stimulated with IGF-IR ligand, IGF-I. (F) In support of the reciprocal functional interactions between IGF-IR and NPM-ALK, specific
targeting of IGF-IR by siRNA in Karpas 299 cells induces a significant decrease in pNPM-ALK levels at Tyr646 and Tyr664. (G) Treating the ALK� ALCL cell lines with IGF-I
induces significant increase in NPM-ALK kinase activity up to 92 and 42% of its baseline levels in SR786 and DEL cell lines, respectively. This effect is largely reversed when
these cells are treated with IGF-I and one of the anti–IGF-I–neutralizing antibodies or the anti-IGF-IR blocking antibody. P less than .01 for cells treated with IGF-I compared
with controls and other treatments groups. (H) To further demonstrate the functional interaction between the 2 kinases, transfection of P6 cells with WT NPM-ALK induces
significant up-regulation of pIGF-IR. In contrast, changes are not noted in pIGF-IR levels when P6 cells were transfected with NPM-ALKK210R. Transfection of P6 cells with
different NPM-ALK constructs did not affect the baseline levels of IGF-IR. R� cells were used as a negative control for IGF-IR expression. Using the anti-ALK antibody
confirmed the expression upon transfection of either the WT NPM-ALK or NPM-ALKK210R. (I) Transfection of Jurkat cell line, which expresses IGF-IR, with WT NPM-ALK
induces marked increase in pIGF-IR. In contrast, NPM-ALKK210A fails to induce a similar effect, and pIGF-IR remains comparable with empty vector. (J left panel) WT NPM-ALK,
but not NPM-ALKK210A, induces up-regulation of pIGF-IR levels in the ALK� TCL cell line DEL. (J right panel) pNPM-ALK levels significantly increase after transfection of DEL

364 SHI et al BLOOD, 9 JULY 2009 � VOLUME 114, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/114/2/360/1319577/zh802809000360.pdf by guest on 12 June 2024



Figure 1). IGF-IR was expressed in 3 of 5 (60%) ALK-negative tumors,
but none (0 of 6) of these tumors demonstrated the expression of IGF-I.
Supplemental Figure 1A-B shows examples of ALK-negative ALCL
tumors that are positive and negative for IGF-IR, respectively. Supple-
mental Figure 1C-D shows 2 tumors that are negative for IGF-I.

Physical association and functional interactions between
IGF-IR and NPM-ALK

Immunoprecipitation using anti-IGF-IR antibody, followed by WB
using anti-ALK antibody, supported the physical association be-
tween IGF-IR and NPM-ALK in 5 ALK� ALCL cell lines (Figure
4A). P6 and R� cells were used as controls. As shown in
supplemental Figure 2A-B, additional coimmunoprecipitation and
confocal microscopy studies further illustrated the physical associa-
tion and cellular colocalization of IGF-IR or pIGF-IR with
NPM-ALK. This physical association was further characterized in
293T cells transfected with wild-type (WT) or deletion mutants of
NPM-ALK (Figure 4B). Deletion of the NPM portion of NPM-
ALK did not affect its association with IGF-IR. In contrast, IGF-IR
lacked its binding ability when the C terminus of NPM-ALK was
deleted. To further characterize the binding between NPM-ALK
and IGF-IR, we screened all of the 4 tyrosine residues located
within the C terminus of NPM-ALK. Transfection studies in 293T
cells showed that IGF-IR appears to simultaneously bind to Tyr644
and Tyr664 residues of NPM-ALK (Figure 4C). The experiment
was repeated 3 times with similar results.

These findings strongly suggest that IGF-IR and NPM-ALK
might functionally interact. In support of this concept, specific
down-regulation of ALK by siRNA decreased pIGF-IR levels
(Figure 4D). In addition, treating ALK� ALCL cells with ALK
siRNA decreased pAkt and pSTAT3 levels, whereas simultaneous
treatment of these cells with ALK siRNA and IGF-I maintained
high levels of pAkt and pSTAT3 (Figure 4E). Next, we examined
the possibility that IGF-IR could function to maintain the phosphor-
ylation status of NPM-ALK. Specific down-regulation of IGF-IR
by siRNA in Karpas 299 cells decreased pNPM-ALK levels at
Tyr646 and Tyr664 (Figure 4F). In addition, IGF-I, the primary
ligand of IGF-IR, increased NPM-ALK kinase activity in ALK�

ALCL cell lines (Figure 4G). This effect was markedly diminished
when the cells were treated with IGF-I and the anti-IGF-I
neutralizing antibody or anti-IGF-IR blocking antibody.

To explore whether NPM-ALK contributes to the phosphoryla-
tion/activation of IGF-IR, we transfected P6 cells, which overex-
press the IGF-IR protein, with WT NPM-ALK or NPM-ALKK210R.
Transfection with WT NPM-ALK, but not NPM-ALKK210R, in-
duced a notable increase in pIGF-IR levels (Figure 4H). R� cells
served as a negative control for IGF-IR. Densitometry showed that
the increase in pIGF-IR levels was almost 100% of its baseline
levels after transfecting the P6 cells with WT NPM-ALK (supple-
mental Figure 3). Because the NPM-ALKK210R mutant might still
possess minimal ability to bind to ATP, we generated the NPM-
ALKK210A mutant that lacks any ability to bind to ATP and used it to
perform additional experiments in more pertinent neoplastic T-cell
lines. In the ALK-negative T-cell line Jurkat, WT NPM-ALK
induced marked increase in pIGF-IR levels, whereas NPM-

ALKK210A completely failed to induce similar effects, and pIGF-IR
levels were comparable with its levels in Jurkat cells transfected
with empty vector (Figure 4I). We also tested the reciprocal
functional interactions between IGF-IR and NPM-ALK in ALK�

ALCL cells. As shown in Figure 4J, transfection of DEL cell line
with WT NPM-ALK significantly increased pIGF-IR. In contrast,
the levels of pIGF-IR were comparable with cells transfected with
empty vector or NPM-ALKK210A. Using a similar approach, WT
IGF-IR induced marked increase in pNPM-ALK (Tyr664), but
IGF-IRY1131,1135,1136F failed to increase the basal levels of pNPM-
ALK (Tyr664), and it stayed similar to its levels after transfection
with empty vector. Furthermore, we demonstrated the stimulatory
effect of IGF-IR on NPM-ALK kinase activity using cotransfection
approach. Cotransfection of R� cells with WT IGF-IR and not
IGF-IRY1131,1135,1136F induced approximately 2.5-fold increase in
NPM-ALK tyrosine kinase activity (Figure 4K).

As illustrated in Figure 4L-M, transfection studies in 293T cells
showed that the Tyr338 residue appears to play a crucial role in the
phosphorylation/activation of IGF-IR by NPM-ALK. Although
NPM-ALKY338F, similar to WT NPM-ALK, demonstrated ability to
bind to IGF-IR, this mutant completely failed to phosphorylate
IGF-IR or increase its kinase activity. R� cells were used as
negative control.

IGF-IR signaling is important for the survival of ALK� ALCL cells

Our results thus far strongly suggest that signaling through IGF-IR
plays a role in the survival of ALK� ALCL cells. To test this possibility,
we selectively targeted IGF-IR using the cyclolignan PPP.7,33,34,52 PPP
induced a time- and concentration-dependent decrease in the viability of
ALK� ALCL cells (Figure 5A). At 24 hours after treatment, the half
maximal inhibitory concentration (IC50) of PPP was 0.5 �M for SR786
and 2.0 �M for SUP-M2 and DEL. At 48 hours, IC50 was 0.2 �M for
SR786, 0.25 �M for SUP-M2 and DEL, 0.3 �M for Karpas 299, and
0.4 �M for SU-DHL-1. Of important note is that PPP did not induce
significant decrease in the viability of normal human T lymphocytes
(Figure 5A). The human skin fibroblast cell line AG01523, which is
known to be resistant to PPP,34 was used as a negative control. The
decrease in cell viability could be attributable to both apoptotic cell
death (Figure 5B) and G2/M-phase cell-cycle arrest (Figure 5C). The
PPP-induced apoptosis and cell cycle arrest were also documented in
ALK� ALCL cells and not in normal T lymphocytes through the
occurrence of typical morphologic changes (supplemental Figure 4A).
Furthermore, treating ALK� ALCL cell lines with PPP decreased their
proliferation (Figure 5D) and abrogated their colony formation potential
(Figure 5E). For control SR786 cells, the number of colonies/plate was
251.3 � 26.3 (mean � SD), whereas after treatment with PPP, this
number decreased to 1.3 � 0.6. For DEL, the number of the colonies/
plate was 72.0 � 7.8 and 6.9 � 2.0 before and after treatment with PPP,
respectively.

Because selective targeting using pharmacologic agents may
induce nonspecific effects, we initiated experiments based on
specific approaches to further confirm the direct role of IGF-IR.
The decrease in ALK� ALCL cell viability and apoptotic cell death
were confirmed using specific targeting of IGF-IR by siRNA
(supplemental Figure 4B-C). IGF-IR siRNA increased apoptotic

cells with WT IGF-IR. Of note is that transfection of this cell line with IGF-IRY1131,1135,1136F, which possesses significantly less kinase activity compared with WT IGF-IR, does not
induce a similar effect on pNPM-ALK levels. (K) Cotransfection of R� cells with WT IGF-IR and WT NPM-ALK is associated with marked increase in NPM-ALK kinase activity
compared with cotransfection of these cells with IGF-IRY1131,1135,1136F and WT NPM-ALK. The results represent one of 2 consistent experiments. (L) Coimmunoprecipitation
studies in 293T cell line show that NPM-ALKY338F possesses significantly low levels of tyrosine phosphorylation. Similar to WT NPM-ALK, NPM-ALKY338F can still efficiently bind
to IGF-IR. Nonetheless, in comparison to WT NPM-ALK, NPM-ALKY338F lacks the ability to induce the phosphorylation/activation of IGF-IR. (M) NPM-ALKY338F does not
increase the basal level of IGF-IR kinase activity in 293T cells. The results are representative of 2 consistent experiments.
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cell death by 92%, 71%, and 60% above the baseline levels in the
Karpas 299, SU-DHL-1, and SR786 cells, respectively. Our results
also show that IGF-I stimulates the migration of serum-deprived
ALK� ALCL cells (Figure 6A), as illustrated in SUP-M2, SR786,
and DEL cell lines (70%, 26%, and 40.5% increase in migrating
cells, respectively). Moreover, IGF-I improved the viability of
serum-deprived ALK� ALCL cells (Figure 6B). The increase in the
viability of serum-deprived ALK� ALCL cells could be explained
by the fact that IGF-I salvaged these cells from apoptotic cell death
(Figure 6C). The effects of IGF-I on cell migration, viability, and
apoptosis were significantly diminished when the cells were treated
with either anti-IGF-I neutralizing antibody or anti-IGF-IR block-
ing antibody (Figure 6A-C).

Targeting IGF-IR signaling induces significant alterations of
survival proteins in ALK� ALCL cells

WB analysis confirmed that PPP induces down-regulation of
pIGF-IR, with no effect on the basal level of IGF-IR protein
(Figure 7A). In addition, PPP decreased IGF-IR kinase activity in a
concentration-dependent manner (data not shown). These effects

were associated with down-regulation of pNPM-ALK (Tyr664),
pAkt (Ser473), and pSTAT3 (Tyr705; Figure 7A). PPP-induced
apoptosis was also due to decreased Mcl-1 and Bcl-2 levels (Figure
7A). PPP increased cyclin B1 and decreased pCdc, with no changes
in p16 levels (Figure 7A). These alterations are in agreement with
the occurrence of G2/M-phase cell-cycle arrest. The findings in
downstream proteins were consistent when siRNA was used for
24 hours to specifically down-regulate IGF-IR (Figure 7B).

EMSA and ELISA studies also showed that treating the ALK�

ALCL cells with PPP decreases STAT3 (Figure 7C) and increases
FKHR (Figure 7D) binding to DNA. The exception was Karpas
299 cells, which showed a lower level of FKHR binding to DNA
after treatment with PPP (Figure 7D). Supershift results are shown
in supplemental Figure 5.

Discussion

We sought to explore a role of IGF-IR in ALK� ALCL, an aggressive
type of T-cell lymphoma. One rationale for selecting this lymphoma is

Figure 5. Selective blockade of IGF-IR signaling induces negative biologic effects in ALK� ALCL cells. (A) PPP induces a concentration- and time-dependent decrease
in ALK� ALCL cell viability, as measured by exclusion of staining by trypan blue dye at 24 or 48 hours. Importantly, PPP did not induce similar effects on the cell viability of
2 human benign cell types, namely the normal T lymphocytes and the AG01523 cell line that was derived from normal skin fibroblasts. The results represent 2 consistent
experiments. (B) PPP (1 �M for 24 hours) also induces a concentration- and time-dependent increase in apoptotic cell death of ALK� ALCL cells, as demonstrated by flow
cytometry after staining with annexin V. The results are shown as the mean � SD of 3 experiments. All treatment points were statistically significant compared with control
untreated cells (P 	 .05). (C) Treating ALK� ALCL cells with PPP (1 �M for 24 hours) induces G2/M-phase cell-cycle arrest. (D) PPP at 24 hours induces concentration-
dependent decrease in the proliferation of ALK� ALCL cells. The decrease in cell proliferation is highly pronounced in SUP-M2 and SR786 cells, with an intermediate effect in
Karpas 299 and DEL cells. The results of 3 experiments are shown as mean � SD. Excluding SU-DHL-1 and DEL cell lines treated with PPP at 1.0 �M, all other treatments
were statistically significant compared with control untreated cells (P 	 .05). (E) Treating ALK� ALCL cell lines with PPP induces a marked decrease in the potential of these
cells to form colonies in soft agar. In the left panel, the effects of PPP on SR786 and DEL cell growth are shown as representative examples. Compared with the plates with
control nontreated cells, the plates with treated cells show markedly decreased colony formation (P 	 .001 for SR786 and P 	 .01 for DEL). As shown in the right panel, the
experiments were repeated 3 times, and the results are depicted as the mean � SD.
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Figure 7. Targeting of IGF-IR induces significant effects on downstream survival proteins in ALK� ALCL cells. To explore possible explanations for the negative effects
of down-regulation of IGF-IR signaling on ALK� ALCL, the effect of selective blockade of IGF-IR by PPP on proteins downstream of IGF-IR was studied. These proteins are also
known to significantly contribute to the pathogenesis of ALK� ALCL. (A) WB (Karpas 299 cell line is shown as a representative example) confirmed that at 24 hours, PPP
induces marked down-regulation of pIGF-IR, without a noticeable change in IGF-IR levels. The decrease in pIGF-IR is associated with decreases in pNPM-ALK (Tyr664), pAkt
(Ser473), and pSTAT3 (Tyr705). In addition, PPP induces significant decreases in the antiapoptotic proteins Mcl-1 and Bcl-2. Furthermore, PPP induces a notable increase and
decrease in the cell-cycle regulatory proteins cyclin B1 and pCdc, respectively. Changes are not seen in p16 and Cdc. The effects of PPP on the cell cycle regulatory proteins
are consistent with the occurrence of G2/M-phase cell-cycle arrest. (B) We also used specific targeting of IGF-IR by siRNA to confirm some of the results and to rule out the
possibility of nonspecific effects of the pharmacologic agent PPP. IGF-IR siRNA decreased pAkt, pSTAT3, Bcl-XL, and Bcl-2 levels. To further explore the mechanisms by which
IGF-IR induces its oncogenic effects in ALK� ALCL, the binding of STAT3 (C) and FKHR (D) to DNA was studied by using 2 different techniques, namely EMSA (top panels) and
ELISA (bottom panels), after treatment with PPP (2 �M for 24 hours). (C) PPP significantly decreases STAT3 binding to DNA in the 5 ALK� ALCL cell lines. The difference in the
migration of the STAT3-DNA binding band between the control and the ALK� ALCL cells could be explained by the difference in the target sequence. A vertical line has been
inserted to indicate prepositioned gel lanes. (D) In contrast to its effect on STAT3, PPP enhances FKHR binding to DNA in SU-DHL-1, SUP-M2, SR786, and DEL cells. These
results are in agreement with PPP-induced cell death of these cells. Vertical lines have been inserted to indicate repositioned gel lanes. The controls (CP, control probe; CNE,
control nuclear extract; CCP, cold control probe; COMP, competition) confirm that the reagents performed properly.

Figure 6. Effects of stimulation by IGF-I and specific blockade of IGF-IR on ALK� ALCL cells. To confirm the findings of inhibition of IGF-IR signaling by PPP in ALK�

ALCL cells and to rule out that these findings were due to nonspecific effects, 3 specific approaches were used that involved stimulating the cells with IGF-I for 24 hours after
growing the cells in serum-free RPMI medium for 3 hours. (A) Stimulation of IGF-IR signaling by IGF-I promotes serum-deprived ALK� ALCL cell migration, which is abrogated
by treating the cells with anti–IGF-I neutralizing antibody or anti–IGF-IR blocking antibody. The results are representative of 2 consistent experiments. (B) Stimulation of IGF-IR
signaling by IGF-I induces a concentration-dependent increase in the viability of serum-deprived ALK� ALCL and P6 (positive control) cells. This effect was also reversed when
specific antibodies were used to neutralize IGF-I or to block IGF-IR. The results are representative of 2 consistent experiments. (C) The increase in cell viability could be due to
a decrease in the apoptosis of serum-deprived ALK� ALCL cells. Treating the cells with either anti–IGF-I neutralizing antibody or anti–IGF-IR blocking antibody similarly
reversed this effect of IGF-I. The results are representative of 2 consistent experiments.
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that full-length ALK is a member of the insulin receptor superfamily of
tyrosine kinases. Members of this family demonstrate structural homol-
ogy because they contain the YXXXYY motif within the activation loop
of their kinase domains. For instance, the activation loop of IGF-IR
contains Tyr1131, Tyr1135, and Tyr1136, and that of ALK contains
Tyr1278, Tyr1282, and Tyr1283 (Tyr338, Tyr342, and Tyr343 in
NPM-ALK). Our results show that IGF-IR is universally expressed in
ALK� ALCL cell lines and in the majority of human tumor samples.
Importantly, IGF-IR expression is significantly more pronounced in
ALK� ALCL cell lines compared with benign human T lymphocytes.
IGF-I, the primary ligand of IGF-IR, is also widely expressed in these
cell lines and primary tumors.

NPM-ALK is a constitutively active protein tyrosine kinase with
significant oncogenic potential.46 To induce its oncogenic effects,
NPM-ALK interacts with several proteins that regulate cell survival and
growth.47 Our results illustrate novel reciprocal functional interactions
between NPM-ALK and IGF-IR. These interactions were essentially
based on the physical association between the 2 kinases. Deletion of the
NPM portion of NPM-ALK did not affect its binding to IGF-IR. It is
likely that the C terminus portion of NPM-ALK plays a crucial role in its
association with IGF-IR, because deletion of this segment totally
abrogated the binding between the 2 kinases. We further characterized
the binding between IGF-IR and NPM-ALK by focusing on the
4 tyrosine residues present within the C terminus of NPM-ALK. One
rationale for this approach was that previous studies have demonstrated
that some of these residues bind and interact with crucial downstream
targets of NPM-ALK.53,54 In addition, when we down-regulated IGF-
IR, there was significant decrease in the phosphorylation levels of
2 tyrosine residues, Tyr646 and Tyr664, located within the C terminus of
NPM-ALK. Substitution of Tyr644 or Tyr664 with phenylalanine
significantly decreased, but not completely abolished, the binding of
NPM-ALK to IGF-IR. In contrast, we could not detect similar effects
when Tyr567 or Tyr646 of NPM-ALK was mutated. These find-
ings indicate that IGF-IR simultaneously binds to Tyr644 and Tyr664
of NPM-ALK. However, the possibility that IGF-IR might also bind
to NPM-ALK through other amino acid residues cannot be com-
pletely excluded.

IGF-IR appears to function as a substrate to NPM-ALK. In
agreement with this notion, specific targeting of ALK by siRNA
decreased phosphorylated IGF-IR in ALK� ALCL cell lines. Further-
more, NPM-ALK induced up-regulation of phosphorylated IGF-IR, and
it is important to emphasize that the kinase-defective NPM-ALK failed
to induce a similar effect. These findings were consistent in 3 different
cell types as was shown when P6, Jurkat, and the ALK� ALCL cell line
DEL were transfected with WT NPM-ALK or its kinase-defective
mutant. Further analysis identified the Tyr338 residue of NPM-ALK to
play a significant role in the phosphorylation of IGF-IR. NPM-
ALKY338F possessed significantly less tyrosine phosphorylation levels
and kinase activity compared with WT NPM-ALK.Although it retained
significant ability to bind to IGF-IR, NPM-ALKY338F could not maintain
the phosphorylation status or increase the kinase activity of IGF-IR.
Tyr338 is the first tyrosine in the YXXXYY motif of the activation loop
of NPM-ALK. Recently, Tartari et al proposed that this residue is
necessary for the NPM-ALK kinase domain to adopt a fully active
conformation.55 In addition, similar to our findings in IGF-IR, they
showed that NPM-ALKY338F demonstrated much less ability to phosphor-
ylate important oncogenic proteins, including STAT3,Akt, and MAPK.55

We have noticed that, compared with the present study where the kinase
activity of NPM-ALKY338F decreased to approximately 60% of the basal
level observed in WT NPM-ALK, Tartari et al demonstrated an
NPM-ALKY338F kinase activity of only 25% of its level in WT
NPM-ALK.55 This discrepancy could be explained by the differences in

some of the experimental conditions including the transfection proto-
cols, cell lines, and kinase activity detection methods.

Targeting of IGF-IR by PPP reciprocally decreased the phosphoryla-
tion levels of NPM-ALK, providing evidence to further support a
positive feedback mechanism between IGF-IR and NPM-ALK. PPPis a
cyclolignan that induces activation loop-specific inhibition of the
tyrosine phosphorylation of IGF-IR.7,52 Although we cannot completely
exclude that the effect of PPP was at least partially due to a direct
interaction with NPM-ALK, specific inhibition of IGF-IR by siRNA
also induced a marked decrease in phosphorylated NPM-ALK at
Tyr646 and Tyr664, which provides strong evidence to support a direct
role of IGF-IR in maintaining the phosphorylation status of NPM-ALK.
Furthermore, when theALK� ALCL cell line DEL was transfected with
WT IGF-IR, the basal level of phosphorylated NPM-ALK was mark-
edly increased. In addition, cotransfection of R� cells with WT
NPM-ALK and WT IGF-IR was associated with marked increase in
NPM-ALK kinase activity. These effects were not seen when the same
cells were transfected with IGF-IRY1131,1135,1136F mutant that demon-
strated markedly reduced kinase activity. In line with these findings,
when ALK siRNA decreased pAkt and pSTAT3 levels, treating the
ALK� ALCL with IGF-I reversed this decrease. Notably, treating the
ALK� ALCL cells with IGF-I induced significant increase in NPM-
ALK kinase activity. Of functional interest is that Tyr646 and Tyr664
residues that appear to interact with IGF-IR are located within the C
terminus portion of NPM-ALK. Because we have also found that
IGF-IR binds to Tyr664 of NPM-ALK, most likely this amino acid
residue contributes significantly to the functional interactions between
the 2 kinases and to subsequent downstream signaling. In support of the
mechanistic relevance of Tyr664 to the oncogenic effects of NPM-ALK,
Bai et al have previously demonstrated that NPM-ALK binds to the
downstream modulator phospholipase C-
 through Tyr664, which
allows NPM-ALK to induce transformation effects.53

Unlike full-length ALK, NPM-ALK is entirely intracellular and
lacks an extracellular domain. Collectively, our findings suggest a
novel model in which IGF-IR would function as an extracellular
domain to maintain the phosphorylation status of NPM-ALK in
order for it to subsequently activate/phosphorylate downstream
proteins. Similar to our findings in IGF-IR, previous studies have
suggested that some cytoplasmic and membrane-associated ty-
rosine kinases are able to maintain the phosphorylation/activation
status of chimeric proteins with tyrosine kinase activity such as
BCR-ABL and NPM-ALK.56-58

Next, we found that selective or specific antagonism of IGF-IR
signaling leads to negative biologic affects in ALK� ALCL cells. These
negative effects included G2/M-phase cell cycle arrest, a previously
reported effect of PPP.34 It is important to emphasize that the blockade of
IGF-IR by PPP failed to induce negative biologic effects in 2 benign
human cell types including skin fibroblasts and T lymphocytes. These
findings are in agreement with the recently reported lack of significant
untoward effects of some of the IGF-IR inhibitors that are currently used
in clinical trials of patients with solid tumors.28 The significant biologic
role of IGF-IR in this lymphoma also was highlighted when
serum-deprived ALK� ALCL cells were stimulated with IGF-I,
which promoted the migration of these cells. The stimulatory
effect of IGF-I on the migration of ALK� ALCL cells could
represent one factor contributing to the known tendency of these
cells to migrate and localize in the lymph node sinuses.
Furthermore, treating serum-deprived ALK� ALCL cells with
IGF-I increased their viability and salvaged a proportion of
these cells from apoptotic cell death. Of particular importance is
that the anti-IGF-IR blocking antibody reversed the effects of
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IGF-I, which should exclude the possibility of stimulation of the
insulin receptor by IGF-I.

IGF-IR induces its effects via phosphorylation of downstream
proteins that regulate cell survival, such as Akt, STAT3, and
FKHR.3,5,7 Aberrancies in these proteins have been shown to occur
and to contribute to the pathogenesis of ALK� ALCL.59-61 Selective
and specific blockade of IGF-IR significantly decreased the levels
of phosphorylated/activated Akt and STAT3. This blockade also
decreased STAT3 and increased FKHR binding to DNA in ALK�

ALCL cell lines. Moreover, targeting IGF-IR induced pronounced
alterations in apoptosis and cell-cycle regulatory proteins, includ-
ing Bcl-2, Bcl-XL, Mcl-1, cyclin B1, and pCdc. These findings add
to confirm the important role of IGF-IR in ALK� ALCL and
identify some of the possible mechanisms by which inhibition of
IGF-IR induces negative biologic effects in these cells.

We detected the expression of IGF-IR in 60% of a limited
number of ALK-negative ALCL primary tumors. In addition to the
ALK-negative T-cell lymphoid cell line Jurkat, we also found the
expression of IGF-IR in the ALK-negative ALCL cell line Mac-2A
(data not shown). When we tested the effect of PPP, we detected a
notable decrease in the viability of the Mac-2A cell line (data not
shown). These observations suggest that IGF-IR may also play a
role in other types of T-cell lymphoma that lack the expression of
NPM-ALK. Nonetheless, similar to several solid tumors that have
frequent expression and established oncogenic role of IGF-IR, a
potential role of IGF-IR in these lymphomas must be independent
of NPM-ALK. An interesting observation is that none of the
ALK-negative tumors expressed IGF-I. Although the number of the
ALK-negative tumors included in this study is relatively small, the
lack of expression of IGF-I by these tumors and its frequent
expression by the ALK� ALCL cell lines and primary tumors could
argue that NPM-ALK might play a role in regulating the expression
of IGF-I in a fashion similar to what has been recently described for
BCR-ABL by Lakshmikuttyamma et al, who reported the regula-
tion of IGF-I system by BCR-ABL in the chronic myeloid
leukemia (CML) cell line K562.62 However, the expression and
secretion of IGF-I by BCR-ABL-positive cells is not universal, as
we have failed to detect the expression and/or release of IGF-I by
3 other established BCR-ABL-positive cell lines. These results in
CML cell lines are somehow similar to our findings in some of the
ALK� ALCL cell lines, such as Karpas 299 cells that lacked the
expression of IGF-I in spite of harboring the NPM-ALK chimeric
protein, and suggest that in addition to NPM-ALK or BCR-ABL
oncogenic proteins, other factors could still play important roles in
the regulation of IGF-I expression by these cells.

The results presented in this paper were obtained from experi-
ments performed in 5 previously established ALK� ALCL cell
lines. Only the Karpas 299 cell line lacked the expression of IGF-I
protein and demonstrated a decrease in FKHR binding to DNA
after inhibition of IGF-IR. It is possible that these effects stem from
the role that IGF-IR plays in maintaining the normal homeostasis of
living cells, and they could represent a counterbalance by which
neoplastic cells attempt to antagonize survival signaling.64 Regard-
less, the net effect of targeting IGF-IR in Karpas 299 cells was
similar to the other cell lines, ie, cell death.

In conclusion, herein we identify a new role for IGF-IR in
cancer, namely that in the pathogenesis of T-cell ALK� ALCL. We
also reveal novel association and reciprocal functional collabora-
tion between IGF-IR and NPM-ALK. These findings are expected
to expand the current understanding of the biology of IGF-IR,
NPM-ALK, and ALK� ALCL. The possibility of a significant role
of IGF-IR in other types of malignant lymphoma also needs to be
extensively investigated. As targeting of IGF-IR signaling is
currently being examined in clinical trials, the identified role of
IGF-IR in ALK� ALCL may have a significant therapeutic impact
on the treatment of this aggressive lymphoma in the near future.
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