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Background
Type I insulin-like growth factor receptor (IGF-IR) tyrosine kinase induces significant oncogenic
effects. Strategies to block IGF-IR signaling are being tested in clinical trials that include patients
with aggressive solid malignancies. Mantle cell lymphoma is a B-cell neoplasm with poor prog-
nosis and a tendency to develop resistance. The expression and potential significance of IGF-IR
in mantle cell lymphoma are not known.

Design and Methods
We used reverse transcriptase polymerase chain reaction, quantitative real-time polymerase
chain reaction, immunoprecipitation, western blotting, flow cytometry, and immunohisto-
chemistry to analyze the expression of IGF-IR mRNA, and IGF-IR and pIGF-IR proteins in man-
tle cell lymphoma cell lines and patients’ specimens. Selective and specific blockade of IGF-IR
was achieved using picropodophyllin and short-interfering RNA, respectively. Cell viability,
apoptosis, cell cycle, cellular morphology, cell proliferation, and target proteins were then ana-
lyzed.

Results
We detected the expression of IGF-IR and pIGF-IR in mantle cell lymphoma cell lines. Notably,
IGF-IR molecules/cell were markedly increased in mantle cell lymphoma cell lines compared
with human B-lymphocytes. IGF-IR and pIGF-IR were also detected in 78% and 74%, respec-
tively, of 23 primary mantle cell lymphoma specimens. Treatment of serum-deprived mantle
cell lymphoma cell lines with IGF-I salvaged these cells from apoptosis. Selective inhibition of
IGF-IR by picropodophyllin decreased the viability and proliferation of mantle cell lymphoma
cell lines, and induced apoptosis and cell cycle arrest. Selective inhibition of IGF-IR was associ-
ated with caspase-3, caspase-8, caspase-9, and PARP cleavage, cytochrome c release, up-regu-
lation of cyclin B1, and down-regulation of cyclin D1, pCdc2, pIRS-1, pAkt, and pJnk. Similar
results were obtained by using IGF-IR short-interfering RNA. In addition, picropodophyllin
decreased the viability and proliferation of primary mantle cell lymphoma cells that expressed
IGF-IR.

Conclusions
IGF-IR is up-regulated and frequently activated in mantle cell lymphoma. Our data suggest that
IGF-IR could be a molecular target for the treatment of mantle cell lymphoma.
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Introduction

The type I insulin-like growth factor receptor (IGF-IR)
tyrosine kinase is composed of two identical α and two
identical β subunits connected by disulfide bonds to form
the functional transmembranous homodimeric protein
complex.1,2 It is thought that ligand binding causes phos-
phorylation of tyrosine residues 1131, 1135, and 1136
present in the activation loop of the kinase domain in the
β subunit.3 This biochemical event is subsequently fol-
lowed by phosphorylation and activation of downstream
signaling cascades such as IRS-1/m-TOR/PI3K/Akt,
Grb/Ras/MAPK, and JAK/STAT.4-7

IGF-IR contributes significantly to the development and
progression of malignant tumors and to the emergence of
therapeutic resistance.8 IGF-IR induces its oncogenic
effects through inhibition of apoptosis and induction of
transformation.9 Recent studies have claimed that a con-
stitutively active IGF-IR can induce ligand-independent
tumor cell progression and may be critically necessary in
maintaining the activation of certain oncogenes during
the transformation process.10,11 These effects have been
extensively investigated in a variety of solid tumors
including breast, prostate, lung, ovary, skin, and soft tis-
sue cancers.12-16 It is not surprising, therefore, that
inhibitors of IGF-IR are currently being evaluated in sev-
eral clinical trials enrolling patients with some of the most
aggressive and resistant types of solid cancers, and some
of these inhibitors have shown promising effects.17,18 It is
of note that, in contrast to the widely studied solid
tumors, not so many studies have been performed to sys-
tematically explore a role of IGF-IR in hematologic neo-
plasms. To the best of our knowledge, most such studies
focused on plasma cell myeloma while many fewer stud-
ies examined IGF-IR signaling in lymphoma and
leukemia.19-25

Mantle cell lymphoma (MCL) is a lymphoid neoplasm
of B-cell immunophenotype. It is distinguished by a pri-
mary genetic event, namely the chromosomal transloca-
tion t(11;14)(q13;q32). This translocation juxtaposes the
proto-oncogene CCND1 at chromosome 11q13 to the
IgH gene at chromosome 14q32.26,27 Clinically, MCL con-
stitutes 5 to 10% of all non-Hodgkin’s lymphomas,
affects more frequently older men, and occurs at an
approximate frequency of 3,500 new cases per year in the
USA. No curative therapy exists for MCL and there is no
consensus on treatment strategies, which are largely non-
specific.28 These strategies include different chemothera-
py combinations plus rituximab (R), such as R-CHOP or
the more aggressive regimen R-hyper-CVAD. MCL is one
of the most problematic types of malignant lymphoma
because it is difficult to treat and patients commonly have
a poor outcome after they develop resistance and/or
relapse to current therapeutics. In the present study, we
evaluated the role of IGF-IR in MCL. We analyzed the
expression and activation of IGF-IR in MCL cell lines and
patients’ tumor samples. We also tested the effects of
antagonism of IGF-IR signaling in MCL. 

Design and Methods

Cell lines and antibodies
Three previously characterized MCL cell lines were studied:

SP-53, Mino, and JeKo-1.29 Detailed information on other cell
lines and the antibodies are included in the Online Supplementary
Methods.

Treatments
Selective inhibition of IGF-IR was achieved by using the

cyclolignan picropodophyllin (PPP; 407247; Calbiochem,
Gibbstown, NJ, USA). PPP was prepared and dissolved in
ethanol (less than 0.4% by volume) to a final concentration of
0.5 mM. For IGF-IR short interfering (si) RNA knockdown
experiments, cells were transiently transfected with
SMARTpool designed siRNA (a mixture of 4 different con-
structs; M-003012-04; Dharmacon, Lafayette, CO, USA). The
siCONTROL Non-Targeting siRNA was used as a negative con-
trol (D-001206-13-20; Dharmacon). Transfection of the cells by
siRNA was performed using the Nucleofector “R” solution for
JeKo-1 and “T” solution for Mino and SP-53, as recommended
by the manufacturer (A-023 program for JeKo-1, T-001 for
Mino, O-017 for SP-53; Amaxa Biosystems, Basel, Switzerland).
Because IGF-I is present in fetal bovine serum, 4.0×105 cells/mL
of MCL cell lines were maintained in serum-free medium for 24
h. Cells were treated with exogenous IGF-I (291-G1-050; R&D
Systems, Minneapolis, MN, USA) at a concentration of 500
ng/mL with or without 5 mg/mL of anti-IGF-IR blocking anti-
body (MAB391; R&D Systems). In some experiments, cells
were treated with rituximab (100 mg/mL, NDC 50242-051-21;
Cardinal Health, Dublin, OH), and were also incubated during
the treatment with 10% human AB serum (100-318; Gemini
Bio-Products, Calabasas, CA, USA) as previously described.30-32

Polymerase chain reaction analyses, antigen density
and western blots

The details of the reverse transcriptase polymerase chain
reaction (RT-PCR) and quantitative real time polymerase chain
reaction (qPCR) analyses are given in the Online Supplementary
Methods, together with the method for measuring IGF-IR anti-
gen density on the cells and the details of the western blotting
and immunoprecipitation studies.

Tumor samples, tissue microarray, 
immunohistochemical staining, and cell sorting 

Tumor samples available from 23 patients (22 tissues and 4
peripheral blood samples) with a documented diagnosis of
MCL were studied after approval of the Institutional Review
Board at the M. D. Anderson Cancer Center. Immuno -
histochemical staining was performed on formalin-fixed paraf-
fin-embedded sections obtained from cell-blocks of cell lines or
the human tumors using a DakoCytomation kit (Carpinteria,
CA, USA) as previously described.22,23,33,34 Additional informa-
tion on immuno histochemical staining is given in the Online
Suppl ementary Methods.

In some experiments, cell sorting was performed to separate
the MCL cells from peripheral blood samples collected from
patients in the leukemic phase of MCL. Cells were simultane-
ously labeled with the anti-human CD5 and CD19 antibodies
(555355, 555412, respectively; BD Biosciences). Cells expressing
CD5 and CD19 were sorted using flow cytometry (BD
FACSAria IIU Cell Sorter; BD Biosciences).

Other methods and statistical analysis
Exclusion of staining with trypan blue dye, apoptosis and cell

cycle analysis, measurement of tyrosine kinase activity, the
MTS assay and statistical analysis of the data are described in
the Online Supplementary Methods.
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Results

Expression of IGF-IR and pIGF-IR in mantle cell lymphoma
cell lines and patients’ samples

RT-PCR studies showed that IGF-IRα (Figure 1A) and
IGF-IRβ (Figure 1B) mRNA were over-expressed in MCL
cell lines compared to in normal human B-lymphocytes,
which demonstrated very low levels of expression. The
expression of IGF-IRα was more pronounced in the JeKo-1
and Mino cell lines than in the SP-53 cell line. The positive
control cell lines P6 and Karpas 299 expressed IGF-IRα and
IGF-IRβ mRNA. Whereas the negative control cell line R-

was completely negative for IGF-IRα mRNA, it did express
very low levels of IGF-IRβ mRNA. Similar findings were
made in other recent studies and it was suggested that some
subclones of R- cells may maintain the ability to express
very low levels of the IGF-IRβ subunit.22,23,35 Because the R-

cell line lacks the extracellular IGF-IRα subunit, very low
levels of expression of IGF-IRβ would most likely not have
significant functional effects. 

Consistent with the RT-PCR results, immunohistochem-
ical staining demonstrated the expression of IGF-IRβ pro-
tein in MCL cell lines (Figure 1C). The cell lines R- and
Karpas 299 were used as negative and positive controls,
respectively. Figure 1D shows that the density of IGF-IRα
molecules per cell in MCL cell lines was increased to 420
times its level in normal human B-lymphocytes. The
expression of IGF-IR protein in MCL cell lines was addition-
ally demonstrated by using anti-IGF-IRβ antibody for
immunoprecipitation followed by anti-IGF-IRβ antibody
for western blotting (Figure 1E, left panel). Furthermore, we
detected the expression of pIGF-IR in the MCL cell lines by
using the anti-IGF-IRβ antibody for immunoprecipitation
followed by anti-pTyr antibody for western blotting (Figure
1E, left panel). The positive control Karpas 299 cell line
expressed IGF-IR and pIGF-IR, whereas the R- cell line was
completely negative for both proteins. Densitometric analy-
sis demonstrated that the pIGF-IR represented 50%, 46%,
57%, and 72% of basal IGF-IR in SP-53, JeKo-1, Mino, and
Karpas 299 cell lines, respectively (Figure 1E, right panel).
Western blot analysis showed the expression of IGF-IR and
pIGF-IR in MCL cell lines cultured in serum-deprived medi-
um for 24 h (Figure 1F). qPCR studies also demonstrated the
expression of IGF-IR mRNA in these cell lines when cul-
tured in the serum-deprived cell lines (data not shown). R- and
Karpas 299 cell lines were used as negative and positive
controls, respectively, for the expression of IGF-IR and
pIGF-IR.

We also examined the expression of IGF-IR and pIGF-IR
proteins in a cohort of primary lymphoma specimens that
included 22 tissue and bone marrow specimens and 4
peripheral blood samples collected from 23 MCL patients.
Demographic data, specimen types, clinical presentations at
time of biopsies, and status of expression of IGF-IR and
pIGF-IR are shown in Table 1. Males accounted for 78%
(18/23) of the patients. The age of the patients at biopsy
ranged between 46 and 88 years, with a median of 65 years.
Of the studied specimens, 70% (16/23) were from
relapsed/resistant MCL patients, and 30% (7/23) were diag-
nostic specimens collected from patients at first presenta-
tion. IGF-IR was expressed in 78% (18/23) of the speci-
mens. pIGF-IR was expressed in 94% (17/18) of the IGF-IR-
positive specimens and in 74% (17/23) of all specimens. Of
the IGF-IR- or pIGF-IR-positive specimens, 72% (13/18)

were from patients who presented with relapsed/resistant
MCL. Figure 1G illustrates two examples of MCL speci-
mens that were simultaneously positive for IGF-IR and
pIGF-IR (panels 1 and 2) and an MCL tumor that was posi-
tive for IGF-IR and negative for pIGF-IR (panel 3). A reactive
lymph node stained for IGF-IR and pIGF-IR is shown (panel
4). Because tumor tissues were not available from patient 23
(Table 1), western blot analysis of peripheral blood MCL
cells was performed and demonstrated the expression of
IGF-IR and pIGF-IR (Figure 1G).

Lack of expression of IGF-I in mantle cell lymphoma 
cell lines

RT-PCR was performed to analyze the expression of IGF-
I mRNA, the primary ligand of IGF-IR, in MCL cell lines
using two different sets of primers to confirm the results.
Compared with the positive control K562 cell line, we
found no expression of IGF-I in MCL cell lines JeKo-1 and
Mino, and very weak expression in SP-53 (Figure 2A).
RSC96, Karpas 299, and R- cell lines were included as nega-
tive controls. These results were confirmed by qPCR (Figure
2B).

IGF-I salvages serum-deprived mantle cell lymphoma cell
lines from apoptotic cell death

Although IGF-I appears not to be expressed in MCL cell
lines, we were still curious to know whether the IGF-IR sig-
naling axis is functional in MCL. Serum-deprived MCL cell
lines were treated with IGF-I (500 ng/mL) for 24 h (SP-53)
or 36 h (Mino) and apoptosis was analyzed using annexin-
V and propidium iodide (PI) labeling. Cells were considered
apoptotic if they were annexin-V+ or annexin-V+/PI+. IGF-I
decreased apoptosis in serum-deprived MCL cell lines
(Figure 2C). These effects were reversed when the cells
were simultaneously treated with IGF-I and anti-IGF-IR
blocking antibody (5 mg/mL). 

Selective inhibition of IGF-IR by picropodophyllin induces
cell death in mantle cell lymphoma

To test whether IGF-IR contributes to the survival of
MCL, PPP, a selective inhibitor of IGF-IR, was used. At 24 h,
PPP down-regulated pIGF-IR in a concentration-dependent
manner without altering baseline IGF-IR levels (the Mino
cell line is shown as a representative example, Figure 3A).
At 24 h, IGF-IR tyrosine kinase activity also decreased in
MCL cell lines in a concentration-dependent fashion (Figure
3B). The decrease in pIGF-IR and IGF-IR tyrosine kinase
activity was associated with concentration- and time-
dependent decreases in cell viability (Figure 4A). At 48 h
after treatment, IC50 values were 1.2 mM for Mino and 1.7
mM for SP-53 and JeKo-1 (Figure 4A, lower panel). PPP did
not decrease the viability of normal human B-lymphocytes.

Treatment with PPP also induced apoptosis in MCL
cell lines (Figure 4B). At 24 h, apoptosis of SP-53, JeKo-1,
and Mino cell lines was increased by 1.7-, 3.5-, and 3.0-
fold, respectively, relative to untreated cells (Figure 4B,
upper panel). At 48 h, apoptosis of SP-53, JeKo-1, and
Mino cells lines was increased by 3.0-, 5.5-, and 6.3-fold,
respectively, compared to control untreated cells (Figure
4B, lower panel). Cell cycle analysis revealed that PPP
induced a G2/M-phase cell cycle arrest in MCL cell lines
after 24 h of treatment (Figure 4C). Morphological
changes associated with apoptosis and G2/M-phase cell
cycle arrest were detected by staining cytospin slides
with Giemsa (Figure 4D).

IGF-IR signaling in mantle cell lymphoma
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Furthermore, treatment of MCL cell lines by PPP induced
a concentration-dependent decrease in cell proliferation at
24 h, which was more pronounced at 48 h after treatment.
The effect of PPP was more evident in JeKo-1 and Mino cell
lines than in the SP-53 cell line (Figure 4E).

We also sought to compare the effects of treatment with
PPP or rituximab alone versus the effects of combined treat-
ment with both agents. At 48 h, rituximab and PPP
decreased the viability of JeKo-1 cells to 78% and 37%,
respectively, of the baseline level. Importantly, simultane-
ous treatment with PPP and rituximab resulted in only 16%
cell viability (Figure 4F, upper panel). The differences among
the treatments were also detected when apoptosis was ana-
lyzed. After 24 h, rituximab and PPP induced 1.2- and 2.8-
fold increases, respectively, in apoptotic cells compared to
an increase of 3.9-fold when both agents were used simul-
taneously (Figure 4F, lower panel).

Thus far, the experiments in cell lines suggested that tar-
geting IGF-IR could be a possible approach to treat MCL
patients. To examine this possibility further, we performed
experiments in primary MCL tumor cells selected by cell
sorting from four peripheral blood samples. At 24 h, PPP
induced concentration-dependent decreases in the viability
and proliferation of IGF-IR-expressing cells (from patients
21, 22, and 23 in Table 1) (Figure 4G). Importantly, PPP
failed to induce these effects in primary MCL cells that
were negative for IGF-IR (from patient 8 in Table 1). 

Biochemical effects of blockade of IGF-IR signaling in
mantle cell lymphoma 

We performed western blotting of downstream targets
of IGF-IR after treatment with PPP (results for the Mino
cell line are shown as a representative example in Figure
5A). PPP induced down-regulation of pAkt and pIRS-1
without altering their total protein levels. In addition,
PPP induced changes in apoptosis and cell cycle regulato-
ry proteins. We noticed cleavage of the pro-apoptotic
molecules caspase-3, caspase-8, caspase-9, and PARP. In
addition, treatment with PPP was associated with
increased cytosolic and decreased mitochondrial frac-
tions of cytochrome c. Inhibition of IGF-IR by PPP also
induced down-regulation of pCdc2 and up-regulation of
cyclin B1, changes that are consistent with the occur-
rence of G2/M-phase cell cycle arrest.

Small molecule inhibitors, such as PPP, can induce non-
specific effects. Therefore, experiments based on specific
approaches were performed using siRNA. Cells were
treated with either scrambled or IGF-IR siRNA. At 48 h,
treatment with IGF-IR siRNA, and not scrambled siRNA,
induced a significant decrease in IGF-IR (Figure 5B). The
decrease in IGF-IR by siRNA was associated with
decreases in pAkt, pJnk, and pIRS-1. Treatment of MCL
cell lines with IGF-IR siRNA also increased cyclin B1 and
decreased cyclin D1 levels. Finally, there was cleavage of
both caspase-3 and PARP.
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Figure 1. Expression of IGF-IR and pIGF-IR in MCL cell lines and human samples. RT-PCR showed the expression of IGF-IRα (A) and IGF-IRβ
mRNA (B) in three MCL cell lines. The cell lines Karpas 299 and P6 were used as positive controls. In contrast, very low levels of IGF-IRα
and IGF-IRβ mRNA were detected in B-lymphocytes and very low levels of IGF-IRβ were detected in the R- cell line. The expression of IGF-IRβ
and pIGF-IR proteins was documented in the MCL cell lines by using immunohistochemical staining (original magnification: ×400) (C). The
cell lines R- and Karpas 299 were used as negative and positive controls, respectively. Flow cytometry measuring relative IGF-IR antigen den-
sity per cell demonstrated an up to 420-fold increase in the expression of IGF-IRα molecules per cell in MCL cell lines compared with in nor-
mal human B-lymphocytes. R- and Karpas 299 cell lines were used as negative and positive controls, respectively (D). Expression of IGF-IRα
is represented by the green peaks and the IgG1 isotypic control by the purple areas. Estimated numbers of IGF-IR molecules per cell are
shown. Immunoprecipitation followed by western blotting demonstrated the expression of pIGF-IR and IGF-IR in SP-53, JeKo-1, and Mino cell
lines. The R- and Karpas 299 cell lines were used as negative and positive controls, respectively (E, left panel). Densitometric analysis shows
that pIGF-IR represented 50%, 46%, 57%, and 72% of total IGF-IR in SP-53, JeKo-1, Mino, and Karpas 299 cell lines, respectively (E, right
panel). Western blot studies show the expression of IGF-IR and pIGF-IR in MCL cell lines after culture in serum-deprived medium for 24 h. R-

and Karpas 299 cell lines were used as negative and positive controls, respectively (F). Immunohistochemical staining demonstrated the
expression of IGF-IR and pIGF-IR in 78% and 74%, respectively, of MCL primary specimens. Panels 1 and 2 illustrate two cases that were
positive for IGF-IR and pIGF-IR, and panel 3 depicts a case that was positive for IGF-IR and negative for pIGF-IR (original magnification: ×400).
The black arrowheads in panel 2 highlight interstitial histiocytes that were negative for both IGF-IR and pIGF-IR proteins. Panel 4 shows the
expression of IGF-IR and pIGF-IR in a reactive lymph node. IGF-IR and pIGF-IR were weakly expressed in some of the large lymphocytes within
the germinal center, and strongly expressed in scattered plasma cells and lymphoplasmacytoid lymphocytes. Because of lack of tumor tissue
material from patient 23, western blotting was performed on MCL cells from a peripheral blood sample, and showed the expression of IGF-
IR and pIGF-IR (G).
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Discussion

We have attempted to provide evidence that IGF-IR plays
an important role in maintaining the survival of MCL. We
found that IGF-IR is over-expressed in MCL cell lines. These
cell lines have been developed from MCL patients, and
were previously described and characterized.29 IGF-IR
mRNA and protein were remarkably more expressed in
MCL cell lines than in normal human B-lymphocytes.
Furthermore, we explored whether IGF-IR was phosphory-
lated/activated in these cells, and the cell lines revealed
receptor phosphorylation. We also studied the expression
of IGF-IR and pIGF-IR in primary specimens from 23 MCL
patients. The expression of IGF-IR and pIGF-IR was detect-
ed in 78% and 74%, respectively, of these specimens.
Importantly, of the IGF-IR- and pIGF-IR-positive speci-
mens, 72% were from MCL patients who presented with a
clinical history of considerable resistance to previously
administered therapeutic regimens, including some of the

more aggressive regimens such as combined R-hyper-
CVAD. Statistical analysis to explore whether significant
differences exist between the survival of IGF-IR/pIGF-IR-
positive patients and IGF-IR/pIGF-IR-negative ones was not
conclusive, which was most likely because of the relatively
small number of patients, particularly in the negative group.

A mechanism explaining the up-regulation of IGF-IR in
MCL cells compared to in normal human B-lymphocytes
has yet to be elucidated. It was previously shown that not
only constitutive activation per se, but also the number of
IGF-IR molecules per cell appears to play a very important
role in the transformation properties of IGF-IR; this phe-
nomenon is considered unusual among receptor tyrosine
kinases. In line with this observation, in vitro and in vivo stud-
ies in mice showed that only a small increment in the num-
ber of IGF-IR molecules per cell can initiate transforma-
tion.36,37 In our study, MCL cell lines displayed a pronounced
increase in the number of IGF-IR molecules/cell relative to
the human B-lymphocytes. However, the levels of expres-

IGF-IR signaling in mantle cell lymphoma

haematologica | 2011; 96(6) 875

Table 1. Demographic data, specimen types, clinical presentations at time of biopsy, and status of expression of IGF-IR and pIGF-IR in MCL
patients.
             Gender           Age                         Specimen type Presentation at time of specimen collection IGF-IR pIGF-IR

1                   M                    64                     Hypopharyngeal mass, left Relapsed after hyper-CVAD/rituximab Positive Positive
2                   M                    71                                       Spleen Relapsed after hyper-CVAD/rituximab Positive Positive
3                    F                     66                Submandibular lymph node, left Diagnostic biopsy, previously untreated Negative Negative
4                   M                    88                  Multiple cervical lymph nodes Resistant to rituximab, fludarabine, Positive Positive
                                                                                               cyclophosphamide, and methotrexate
5                    F                     65            Posterior cervical lymph node, right Diagnostic biopsy, previously untreated Positive Positive
6                    F                     67                       Axillary lymph node, left Resistant to hyper-CVAD/rituximab Negative Negative
7                   M                    51                     Cervical lymph node, right Relapsed after CHOP/rituximab Positive Positive
                                                                                               (initially diagnosed with diffuse large
                                                                                               B-cell lymphoma)
8                   M                    68               Supraclavicular lymph node, left; Diagnostic biopsy, Negative Negative
                                                                           and peripheral blood previously untreated
9                   M                    71               Upper cervical lymph node, right Relapsed after hyper-CVAD/rituximab Positive Positive
10                 M                    57                      Parotid lymph node, right Resistant to hyper-CVAD/rituximab Positive Positive
11                  F                     57                    Submandibular lymph node Diagnostic biopsy, previously untreated Positive Positive
12                  F                     46                       Axillary lymph node, left Resistant to CHOP/rituximab Positive Positive
                                                                                               (initially diagnosed with chronic lymphocytic 
                                                                                               leukemia with MCL features)
13                 M                    62                                       Spleen Resistant after several different combination Negative Negative
                                                                                               chemotherapeutic regimens 
14                 M                    55                       Cervical lymph node, left Diagnostic biopsy, previously untreated Positive Negative
15                 M                    58                       Axillary lymph node, left Relapsed after hyper-CVAD/rituximab Negative Negative
16                 M                    65                Inferior mediastinal lymph node Relapsed after radiation therapy and Positive Positive
                                                                                               fludarabine-based chemotherapeutic regimen
17                 M                    71                       Axillary lymph node, left Diagnostic biopsy, previously untreated Positive Positive
18                 M                    68                       Mediastinal lymph node Relapsed after hyper-CVAD, methotrexate, and ara-C Positive Positive
19                 M                    76                        Iliac lymph nodes, right Diagnostic biopsy, previously untreated Positive Positive
20                 M                    80                    Soft tissue mass, right arm Relapsed after rituximab, cyclophosphamide, Positive Positive
                                                                                               mitoxantrone, vincristine, bortezomib, 
                                                                                               and doxorubicin
21                 M                    53             Bone marrow and peripheral blood Relapsed after CHOP/rituximab Positive Positive
22                 M                    74             Bone marrow and peripheral blood Relapsed after CHOP/rituximab Positive Positive
23                 M                    61                             Peripheral blood Relapsed after hyper-CVAD/rituximab Positive Positive

Excluding patient 23, expression of IGF-IR and pIGF-IR was determined by using immunohistochemical staining of tissue or bone marrow biopsies. For patient 23, the expression
of IGF-IR and pIGF-IR was established based on western blot analysis of peripheral blood primary MCL cells after separation by cell sorting (Figure 1G).



sion of IGF-IR and pIGF-IR proteins and number of IGF-IR
molecules per cell varied among the three cell lines, with
levels of expression being lowest in the SP-53 cell line.
These results suggest that the  IGF-IR signaling axis may not
be as activated in SP-53 as it is in JeKo-1 and Mino cell lines.
Indeed, SP-53 cells were generally less responsive when
treated with the IGF-IR inhibitor PPP. Similarly, Barnes et al.
showed that head and neck cancer cell lines that expressed
lower levels of IGF-IR were less responsive to IGF-IR
inhibitors.38

IGF-I is the primary ligand for IGF-IR. Previous studies
have proposed both IGF-I-dependent mechanisms through
ligand-receptor interaction as well as IGF-I-independent
mechanisms through a constitutively active receptor to ini-
tiate the IGF-IR-dependent signaling cascade.39 We, there-
fore, wanted to determine whether autocrine secretion of
IGF-I was involved in the activation of IGF-IR in MCL cells.
There was no apparent expression of IGF-I by JeKo-1 and
Mino cells and probable negligible expression by SP-53
cells. The expression of IGF-IR mRNA (data not shown) and
IGF-IR and pIGF-IR proteins was also detected in serum-
deprived MCL cell lines, suggesting that the expression and
activation of IGF-IR are not necessarily dependent on the
presence of IGF-I in the surrounding microenvironment.
However, it has been shown that circulating IGF-I is
increased in cancer patients,40-41 and it is still possible that
the release of IGF-I from surrounding lymph node stromal
cells or from remote sources such as liver parenchyma could
induce further enhancement of IGF-IR signaling in MCL. It
is of note that circulating IGF-I levels are not known in
patients with lymphoma, including those with MCL, and it
will be of great interest to systematically explore these lev-
els in future studies. Nonetheless, when serum-deprived
MCL cell lines were treated with increasing concentrations
of exogenous IGF-I, apoptosis decreased in comparison to
untreated cells. These results provide evidence that the IGF-

IR signaling axis is functional in MCL. In addition, the anti-
apoptotic effects exerted by IGF-I were markedly dimin-
ished upon addition of an IGF-IR blocking antibody. This is
especially important because it indicates that the effects
seen upon treatment with IGF-I were not induced through
parallel stimulation of the insulin receptor, which can be
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Figure 2. Lack of expression of IGF-I in MCL cell lines and effect of IGF-I on serum-deprived MCL cell lines. RT-PCR demonstrated lack of
expression of IGF-I by JeKo-1 and Mino cell lines, and very low levels of expression by SP-53. R- and RSC96 cell lines were used as negative
controls and the K562 cell line as a positive control (A). In addition, qPCR was performed using 18s ribosomal RNA as an endogenous con-
trol. JeKo-1 and Mino cell lines demonstrated lack of expression, and SP-53 showed very low but negligible expression of IGF-I. RSC96 and
K562 cell lines were used as negative and positive controls, respectively (B). Treatment of SP-53 and Mino cell lines with IGF-I after serum
deprivation for 24 h salvaged these cells from apoptotic cell death. Simultaneous treatment of these cells with IGF-I and anti-IGF-IR blocking
antibody diminished this effect. Results shown are means ± SD of two consistent experiments (*: P<0.05 versus control; †: P<0.05 versus
IGF-I) (C).

Figure 3. PPP decreases pIGF-IR and IGF-IR tyrosine kinase activity
in MCL cell lines. Western blotting in the Mino cell line shows that
PPP induces a concentration-dependent decrease in pIGF-IR at 24 h
without affecting the basal levels of IGF-IR protein. The results are
representative of three similar experiments (A). In addition, PPP
reduced IGF-IR tyrosine kinase activity in a concentration-dependent
manner at 24 h (B).
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Figure 4. Cellular effects of inhibition
of IGF-IR in MCL. PPP induced con-
centration-dependent decreases in
the viability of MCL cell lines. At 24 h,
excluding the 0.2 mM concentration
of PPP in JeKo-1, and the 0.2 and 0.4
mM concentrations in Mino, all other
concentrations induced statistically
significant decreases in cell viability
compared with untreated cells
(P<0.01). At 48 h, PPP induced sig-
nificant decreases in the viability of
JeKo-1 and Mino cells (P<0.001 for
all concentrations). In SP-53 cells,
the decrease became statistically
significant at 1.5 and 2.0 mM concen-
trations (P<0.5 and P<0.01, respec-
tively), which was probably because
of the greater variability of the
response of this cell line to the lower
concentrations of PPP (A). PPP also
caused a concentration-dependent
increase in apoptotic cells in MCL cell
lines at 24 h, an effect which became
more pronounced at 48 h (B). In addi-
tion, treatment with PPP was associ-
ated with G2/M-phase cell cycle
arrest that became more significant
with increasing concentrations of
PPP (C). Figure 4. Compared with SP-
53, the effects of PPP were generally
more evident in Mino and JeKo-1 cell
lines. The results are shown as
means±SD (*P<0.05; †P<0.01; ¶:
P<0.001; §P<0.0001 versus control
cells). Morph ological features consis-
tent with apoptosis (black arrow-
heads) including cell shrinkage,
nuclear condensation, and cytoplas-
mic vacuolization were seen after
treatment with PPP (D). Also, atypi-
cal mitotic figures (red arrowheads)
consistent with G2/M-phase cell
cycle arrest were associated with
treatment with PPP (D). PPP also
decreased MCL cell proliferation in
time- and concentration-dependent
fashions (*:P<0.05; †: P<0.01; ¶:
P<0.001; §: P<0.0001 versus control
cells) (E). At 48 h, rituximab induced
a significant decrease in the viability
of JeKo-1 cells. However, the effect of
PPP was more pronounced. Combin -
ed treatment with PPP and rituximab
induced a marked decrease in the
viability of these cells (*P<0.01 ver-
sus control and PPP + rituximab;
†P<0.001 versus control and rituxi -
mab; ¶P<0.01 versus PPP + rituxi -
mab; §P<0.001 versus control) (F,
upper panel). At 24 h, treatment of
JeKo-1 cells with rituximab alone did
not induce a significant increase in
apoptotic cells. In contrast, PPP
induced a significant increase in
apoptotic cells compared with con-
trol and cells treated with rituximab
alone. Furthermore, combined treat-
ment with PPP and rituximab further
enhanced apoptotic cell death
(*P<0.01 versus control, rituximab,
and PPP + rituximab; †P<0.001 ver-
sus control and rituximab) (F, lower
panel). PPP induced a concentration-
dependent decrease in the viability
and proliferation of primary MCL
cells that expressed IGF-IR. In con-
trast, PPP had minimal effects on
MCL cells that were negative for IGF-
IR (patients are shown in Table 1)
(G).



stimulated by very high levels of IGF-I.
That IGF-IR is important for the survival of MCL was

demonstrated through experiments using PPP, a small mol-
ecule inhibitor of IGF-IR.5 It was previously shown that PPP
does not interfere with the highly homologous insulin
receptor.5 PPP does not selectively inhibit IGF-IR tyrosine
kinase at the level of ATP binding; instead, it acts through
inhibition of the activation loop of the IGF-IR kinase
domain. Although the effects of PPP on other kinases are
not entirely known, we recently demonstrated that PPP
failed to decrease the phosphorylation or tyrosine kinase
activity of BCR-ABL.23 It is important to mention that PPP
(AXL1717) is currently being used with promising success
in phase I clinical trials that include patients with advanced
non-small cell lung cancer.18,42 After treatment of MCL cells
lines using gradually increasing concentrations of PPP, we
found reduced phosphorylation and kinase activity of IGF-
IR. Down-regulation of IGF-IR signaling by PPP was associ-
ated with decreased cell viability and cell proliferation,
apoptosis, and G2/M-phase cell cycle arrest. When we
sought biochemical explanations for these effects, we found
that PPP-mediated inhibition of IGF-IR was associated with
cleavage of caspase-3, caspase-9 and PARP, release of
cytochrome c, up-regulation of cyclin B1, and down-regula-
tion of cyclin D1 and pCdc2. These effects are concordant
with the occurrence of apoptosis and G2/M-phase cell cycle
arrest. PPP also induced a significant decrease in the down-
stream oncogenic proteins pIRS-1 and pAkt. These effects
were further confirmed using IGF-IR siRNA.

The changes observed in IGF-IR downstream target pro-
teins after treating MCL cell lines with PPP are supportive of
apoptotic cell death. Our results showed that the apoptosis
induced by PPP was executed via activation of the extrinsic
and intrinsic pathways. It was previously shown that IGF-
IR signaling promotes anti-apoptotic effects by activation of

survival signaling pathways, including IRS-1/PI3K/Akt,
JAK/STAT, and Ras/MAPK, which induce significant
inhibitory effects on both the extrinsic and intrinsic apop-
totic pathways.43 Of particular interest are the findings in
the IRS-1 docking protein, which plays an essential role in
IGF-IR downstream signaling through binding with the
Y950 residue of the IGF-IRβ subunit. Upon phosphoryla-
tion, IRS-1 activates the p85 regulatory subunit of PI-3K,
leading to activation of important downstream substrates
including the p70 S6 kinase and Akt. To our knowledge, this
is the first report documenting the expression of IRS-1 and
pIRS-1 in MCL, which suggests that these proteins, through
interactions with IGF-IR, could contribute to the survival of
this aggressive lymphoma. 

The occurrence of G2/M-phase cell cycle arrest after inhi-
bition of IGF-IR by PPP is intriguing. We and others have
previously reported similar effects of PPP on cell cycle pro-
gression in other types of hematologic malignancies.20,22,23 It
is possible that the changes observed in cell cycle regulatory
proteins as well as the associated G2/M-phase cell cycle
arrest are related to uncharacterized effects of PPP.
However, this is unlikely to be the case because in the pres-
ent study down-regulation of IGF-IR by siRNA also caused
changes in cell cycle regulatory proteins reminiscent of
those observed with PPP. IGF-IR has been shown to con-
tribute to the progression of both the early and late phases
of the cell cycle through interactions with cell cycle regula-
tory proteins.44 For instance, Wu et al. demonstrated that the
monoclonal anti-IGF-IR antibody A12 induces G1/S-phase
cell cycle arrest in androgen-dependent prostatic tumors
and G2/M-phase cell cycle arrest in androgen-independent
ones, testifying to the fact that IGF-IR inhibition can result
in cell cycle arrest at any phase of the cell cycle.13

Considering that cyclin D1 is an early phase cell cycle regu-
latory protein and it is over-expressed in MCL primarily
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Figure 5. Effects of inhibition of IGF-IR
on downstream targets in MCL cell
lines. At 24 h, PPP induced a concentra-
tion-dependent down-regulation of pAkt
and pIRS-1 without affecting their basal
levels in the Mino cell line (A). PPP also
decreased pCdc2 and increased cyclin
B1, which is consistent with the occur-
rence of G2/M-phase cell cycle arrest.
In support of apoptotic cell death, PPP
caused cleavage of caspase-3, caspase-
8, caspase-9, and PARP, which was
associated with a decrease in their
basal levels. Treatment with PPP was
also associated with cytochrome c
release resulting in increased cytosolic
[C] fraction and decreased mitochondri-
al [M] fraction (A). Treating MCL cell
lines with IGF-IR siRNA, and not control
scrambled siRNA, for 48 h induced sim-
ilar effects on some of these proteins
and, in addition, decreased pJnk and
cyclin D1 levels (B).
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because of the chromosomal translocation t(11;14)
(q13;q32), it is surprising to see that down-regulation of
IGF-IR caused G2/M-phase cell cycle arrest despite the
decrease in cyclin D1 levels. The contribution of cyclin D1
to the initiation and progression of MCL is controversial.
Some investigators have documented that cyclin D1 trans-
genic mice do not develop lymphoma without possessing
additional molecular events such as coexistent myc, whereas
others found that nuclear accumulation of cyclin D1
through experimentally induced mutations that interfere
with its binding with CRM1 protein and subsequent
nuclear export is a prerequisite for lymphoma development
and this mechanism does not require any additional molec-
ular events.45-47 How cyclin D1 contributes to lymphomage-
nesis is, however, poorly understood. Regardless, one pos-
sible explanation for our observations is that the balance
existing between early phase and late phase cell cycle regu-
latory proteins has been disrupted in favor of G2/M-phase
cell cycle arrest after inhibition of IGF-IR in MCL cells. This
important finding needs further investigations.

Our data suggest that targeting IGF-IR may represent a
reasonable strategy to treat MCL patients. To further
explore this possibility, we employed two different experi-
mental approaches. In the first, we sought to explore
whether targeting IGF-IR would enhance the effects of rit-
uximab, one of the drugs currently used to treat MCL
patients. We elected to use the JeKo-1 cell line in these
experiments because this cell line demonstrated a response
to PPP that was intermediate between those of the SP-53
and Mino cell lines. Although treatment with rituximab or
PPP induced a significant decrease in the viability of JeKo-1
cells, combined treatment further enhanced this effect.
Previous in vitro studies demonstrated variable effects of rit-
uximab on apoptosis induction in B-cell lymphoma.30-32

Experimental conditions including the presence of comple-

ment, duration of treatment, type of lymphoma, and treat-
ing primary lymphoma cells versus cell lines, appear to have
influenced the outcome of these studies. In our experi-
ments, rituximab alone did not induce a significant increase
in apoptosis in JeKo-1 cells at 24 h after treatment.
Nonetheless, treatment with PPP led to a marked increase
in apoptosis, and this increase became more significant
when cells were simultaneously treated with PPP and ritux-
imab. In the second experimental approach, we tested the
in vitro effects of PPP on primary MCL cells. PPP induced a
concentration-dependent decrease in the viability and pro-
liferation of these cells. However, the effect of PPP on cell
viability was lacking in primary MCL cells that were nega-
tive for the expression of IGF-IR, which is in further support
of the reasonable selectivity of PPP.

In conclusion, we provide evidence that IGF-IR is
expressed and activated in MCL cell lines as well as in the
majority of MCL primary samples including samples col-
lected from patients who demonstrated considerable resist-
ance to the currently utilized therapeutics. Importantly,
IGF-IR signaling appears to contribute to the survival of
MCL, and inhibition of IGF-IR induces MCL cell death.
Taken together, our results suggest that targeting IGF-IR
could represent a potential therapeutic strategy to be uti-
lized for the treatment of MCL patients in the future.
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