
Introduction

The type I insulin-like growth factor receptor (IGF-IR) is a
tetrameric transmembrane receptor tyrosine kinase that is com-
posed of two � and two � subunits linked by disulphide bonds [1].
Signalling through IGF-IR contributes to the establishment and
progression of human malignancies. In vitro and in vivo experi-
mental approaches have supported the ability of IGF-IR to promote
cellular transformation and survival [2, 3]. In addition, IGF-IR

plays important roles in regulating cell differentiation, cell shape
and migration and metastatic dissemination [4–6]. The oncogenic
potential of IGF-IR has been repeatedly documented in solid
tumours including cancers of the prostate, breast, colon, ovary,
lung, nervous system and skin [7–11]. Although it has been pre-
viously demonstrated that IGF-IR is expressed in haematopoietic
cells and that signalling through IGF-IR promotes the proliferation
and the survival of these cells, few studies have explored the role
of IGF-IR in haematological malignancies and most of these stud-
ies focused on plasma cell myeloma [12–15].

Chronic myeloid leukaemia (CML) is the most common subtype
of chronic myeloproliferative diseases [16]. It typically evolves
through three clinicopathological stages: chronic, accelerated and
blast phases (CP, AP and BP, respectively). CML is characterized by
the t(9; 22)(q34; q11.2) that leads to the expression of the chimeric
protein BCR-ABL, which aberrantly functions as a constitutively
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active tyrosine kinase [17–19]. Currently, targeted inhibition of
BCR-ABL by imatinib mesylate is considered first-line therapy in
CML [20–22]. Although imatinib is effective in a majority of CML
patients in CP, some of these patients develop resistance most fre-
quently through BCR-ABL mutations [23]. Furthermore, CML
patients demonstrate significant resistance to imatinib during the
more aggressive BP stage of their disease [24, 25]. In the present
study, we explored a role of IGF-IR in CML. We tested the expres-
sion of IGF-IR in four CML cell lines and in bone marrow and
peripheral blood samples from CML patients at different stages of
the disease. We used selective and specific antagonism of IGF-IR
to investigate its biological contribution to CML. Our findings sug-
gest that targeting IGF-IR could represent a legitimate approach to
treat CML patients, particularly during their advanced stage dis-
ease and when they develop resistance to imatinib.

Materials and methods

Antibodies

Antibodies obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA)
included Bcl-2 (catalogue number: sc-7382), cyclin B1 (sc-7393), cyclin E
(sc-198), Cdc2 (sc-52316), pCdc2 (Thr14/Tyr15; sc-12340-R) and p16
(sc-56330); from Cell Signaling Technology (Danvers, MA, USA) were
pIGF-IR (Tyr1131; 3021), pBCR-ABL (p-c-Abl; Tyr412; 2865), Akt (9272)
and pAkt (Ser473; 587F11); from Zymed Laboratories (South San
Francisco, CA, USA) were IGF-IR� (39–6700) and Bcl-XL (18–0217); from
Calbiochem (Gibbstown, NJ, USA) was BCR-ABL (c-Abl; OP19); from R&D
Systems (Minneapolis, MN, USA) was STAT5 (MAB2174); from GeneTex
Incorporation (San Antonio, TX, USA) was pSTAT5 (Tyr694; GTX52364)
and from Sigma (St. Louis, MO, USA) was �-Actin (A-2228).

Cell lines and treatments

Four CML cell lines – K562, KBM-5, MEG01 and BV173 – were used. The
P6 (BALB/c3T3 mouse fibroblasts overexpressing human IGF-IR) and R�

(mouse fibroblast 3T3-like cells with a targeted ablation of Igf1r gene) cell
lines were a generous gift from Dr. R. Baserga (Philadelphia, PA, USA) and
were used as positive and negative controls for the expression of IGF-IR,
respectively [26]. BaF3 cells expressing wild-type (WT) p210 BCR-ABL,
BCR-ABL mutants or empty vector were kindly provided by Dr. C. Sawyers
(New York, NY, USA) [27]. The normal human skin fibroblast cell line
AG01523 (Coriell Institute for Medical Research, Camden, NJ, USA) was
used as a negative control for the treatment by the cyclolignan picrop-
odophyllin (PPP; Clontech, Mountain View, CA, USA) [14, 28]. Cell lines
were maintained in RPMI 1640 (CML cell lines and BaF3 cells permanently
transfected with WT p210 BCR-ABL, BCR-ABLE255K or BCR-ABLT315I),
DMEM (P6 and R� cell lines) or EEMEM (AG01523 cells) medium supple-
mented with 10% FBS (15% FBS for AG01523) (Sigma), glutamine (2 mM),
penicillin (100 U/ml) and streptomycin (100 �g/ml) at 37�C in humidified
air with 5% CO2. RPMI 1640 was additionally supplemented with recombi-
nant murine IL-3 (1 ng/ml; PeproTech, Rocky Hill, NJ, USA) and used to
culture BaF3 cells transfected with empty vector. Selective targeting of

IGF-IR was achieved by PPP after being dissolved in ethanol to a concen-
tration of 0.5 mM (final concentration of ethanol was less than 0.4% by
volume). Imatinib was dissolved in sterile water to a concentration of 1 mM.
We also tested the effects of inhibition of IGF-IR by PPP in primary neo-
plastic cells from five CML (two in CP and three in BP) patients with resist-
ance to imatinib. Approval of the institutional ethical research committee
was secured prior to the initiation of the studies that included patient mate-
rial. In addition, in some experiments, specific down-regulation of IGF-IR
was achieved by transient transfection with SMARTpool-designed siRNA
(mixture of four different constructs; Dharmacon, Lafayette, CO, USA). The
siCONTROL non-targeting siRNA was used as a negative control
(Dharmacon). Transfection of the cells by siRNA was performed with the
Nucleofector solution as recommended by the manufacturer (Amaxa
Biosystems, Gathersburg, PA, USA) (V-solution for K562, R-solution for
BV173 and C-solution for KBM-5; T-016 program for K562 and BV173 and
X-005 program for KBM-5).

Cell viability, proliferation, apoptosis, cell cycle
and colony formation in soft agar assays

Cell viability was evaluated by exclusion of staining by trypan blue dye.
Apoptosis was examined by using flow cytometry (FACscan, BD
Pharmingen, San Jose, CA, USA) after staining the cells with annexin 
V-FITC and propidium iodide (PI) (BD Pharmingen). Analysis of the cell
cycle was performed with a commercially available kit (CycleTEST PLUS
DNA Reagent Kit, BD Pharmingen), whereby PI-stained nuclei were
analysed by flow cytometry. In addition, morphological changes consistent
with apoptosis and cell cycle arrest were assessed after staining cytospin-
prepared slides with Giemsa. Cell proliferation analysis was performed
with BrdU staining in an ELISA-based kit (Roche, Mannheim, Germany).
Evaluation of colony formation in soft agar was performed with cell trans-
formation detection kit (Chemicon, Temecula, CA, USA). Colonies were
stained and photographed with FluorChem 8800 imaging system (Alpha
Innotech, San Leandro, CA, USA).

PCR studies

RT-PCR was used for the detection of IGF-IR mRNA in CML cell lines.
Briefly, total RNA was isolated using RNeasy Mini Kit (Qiagen, Valencia,
CA, USA). Reverse transcription was performed with the Qiagen One-step
RT-PCR kit (Qiagen). The primers for IGF-IR� were: forward, 
5�-GTAGCTTGCCGCCACTACTACT-3� and reverse, 5�-GGAGCATCTGAGCA-
GAAGTAACAGA-3� (product size 307 bp). Amplification was performed at
94�C for 30 sec., 58�C for 30 sec. and 72�C for 30 sec. for 35 cycles and a
final elongation at 72�C for 10 min. in a thermal cycler (PTC100, MJ
Research, Watertown, MA, USA). �-Actin (RDP-38, R&D Systems) was
used as an internal control. The PCR products were detected by ethidium
bromide staining on a 1% agarose gel and visualized by FluorChem 8800
imaging system (Alpha Innotech).

In addition, quantitative real-time PCR was used to measure the rela-
tive expression of IGF-IR mRNA in primary peripheral blood neoplastic
cells from CML patients. Cells were separated using RBC lysis buffer
(eBioscience, San Diego, CA, USA). Total RNA was isolated and cDNA was
synthesized using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions. PCR was performed in a
MicroAmp Optical 96-well reaction plate (Applied Biosystems, Foster City,
CA, USA) using 1.0 �l of cDNA template, 12.5 �l of 2� TaqMan Master
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Mix (Applied Biosystems), 1.25 �l of 20� Assay-on-Demand gene expres-
sion product (assay ID Hs00181385_m1 for IGF-IR target gene, product
number 4319413E for human 18s rRNA as endogenous control, Applied
Biosystems). The RT reaction was performed in triplicate wells for 2 min.
at 50�C, followed by hot-start PCR (10 min. at 95�C) and 40 cycles of 
15 sec. of denaturation at 95�C and 1 min. annealing/extension at 60�C
using an ABI 7500 sequence detection system (Applied Biosystems). The
relative quantification of IGF-IR gene expression was calculated according
to the following formula: 2�	CT (	CT 
 CT of IGF-IR - CT of 18s rRNA),
where CT is the cycle threshold.

Immunoprecipitation and Western blotting

Cell lysates were obtained using standard techniques and lysis buffer that
was composed of 25 mM HEPES (pH 7.7), 400 mM NaCl, 1.5 mM MgCl2,
2 mM ethylenediaminetetraacetic acid, 0.5% Triton X-100, 0.1 mM PMSF,
3 mM DTT, phosphatase inhibitor (20 mM �-GP, 1 mM Na3VO4; Roche)
and protease inhibitor cocktails (10 �g/ml leupeptine, 2 �g/ml pepstatin,
50 �g/ml antipain, 1� benzamidine, 2 �g/ml aprotinin, 20 �g/ml chymo-
statin; Roche). For immunoprecipitation, lysates were incubated with pri-
mary antibody overnight at 4�C. Agarose beads conjugated with A/G were
added and incubated for 2 hrs at 4�C. The immunocomplexes were spun,
washed three times with cold PBS and once with lysis buffer and subjected
to SDS-PAGE. For Western blotting, proteins (50–80 �g) were elec-
trophoresed on 6–12% SDS-PAGE. The proteins were transferred to nitro-
cellulose membranes and probed with specific primary antibodies and then
with the appropriate horseradish peroxidase-conjugated secondary anti-
bodies (Santa Cruz Biotechnology; and GE Healthcare, Cardiff, UK).
Proteins were detected using a chemiluminescence-based kit (Amersham
Life Sciences, Arlington Heights, IL, USA).

Tyrosine kinase activity assay

IGF-IR or BCR-ABL tyrosine kinase activity in CML cell lines was meas-
ured using a commercially available kit (Takara Bio, Otsu, Shiga, Japan).
Cell lysates were prepared and the specific antibody was used for
immunoprecipitation. Agarose beads conjugated with protein A/G were
added. Before kinase reactions were initiated with ATP-2Na in immobilized
wells and blocked by blocking solution, PPP was added at the indicated
concentrations in tyrosine kinase buffer at room temperature for 30 min.
Horseradish peroxidase-conjugated antiphosphotyrosine (PY20) antibody
was added to each well and developed by addition of HRP substrate solu-
tion (TMBZ). The reaction was stopped with 1N H2SO4 and absorbance
was measured at 450 nm in a microplate reader (Bio-Tek Instruments,
Winooski, VT, USA). The ATP-free reaction was used as a negative con-
trol. In some experiments, endogenous IGF-IR tyrosine kinase activity
was calculated using the equation of the PTK activity standard curve, nor-
malized to the protein amount in each well, and expressed as units per
microgram protein.

Measurement of pIGF-IR levels 
by an ELISA-based assay

pIGF-IR level in CML cell lines was measured using the human pIGF-IR
DuoSet IC ELISA kit as described by the manufacturer (DYC1770–2; R&D

Systems). Total proteins of 125 �g were added onto each well. Absorbance
was measured at 450 nm in a microplate spectrophotometer (Bio-Tek
Instruments) and the reference wavelength was 540 nm.

Patients, tissue microarray and 
immunohistochemical staining

CML patients and the tissue microarray were previously described [29,
30]. Immunohistochemical staining was performed on sections from the
tissue microarray as well as on formalin-fixed and paraffin-embedded sec-
tions from cellblocks prepared from cell lines using standard techniques as
previously described [29–31]. Antibody dilution was 1:30 for IGF-IR.
Photomicrographs were obtained using a Nikon Microphot FXA micro-
scope (Nikon Instruments, Melville, NY, USA) and an Olympus DP70 
camera (Olympus America, Melville, NY, USA).

Statistical analysis

Statistical analysis was performed using Student’s t-test for unpaired data
or two-way ANOVA and Bonferroni post hoc test where appropriate in Prism
5 software (version 5.0b, GraphPad Software, La Jolla, CA, USA). P � 0.05
was considered to be statistically significant.

Results

Expression of IGF-IR in CML cell lines 
and primary human tumours

Immunohistochemical studies demonstrated strong expression of
IGF-IR protein in four CML cell lines including K562, KBM-5,
MEG01 and BV173 (Fig. 1A). Western blotting and RT-PCR con-
firmed these results and showed the expression of IGF-IR protein
and mRNA in CML cell lines, respectively (Fig. 1B and C). The
K562 cell line demonstrated higher expression levels of IGF-IR
protein and mRNA compared with other CML cell lines. The
mouse fibroblast cell lines R� and P6 were used as negative and
positive controls for the expression of IGF-IR, respectively. It is
important to note that the overexpression of IGF-IR in P6 cells is
not physiologic. Although all of the CML cell lines expressed IGF-IR,
ELISA showed that pIGF-IR levels were higher in the K562 and
BV173 cell lines compared with KBM-5 and MEG01 (Fig. 1D). In
addition, tyrosine kinase activity assay showed the KBM-5 and
MEG01 cell lines to possess significantly lower tyrosine kinase
activity (Fig. 1E).

The expression of IGF-IR was also studied in a tissue microar-
ray that included primary bone marrow specimens from CML
patients at different stages of the disease (Fig. 2A). Only 3 of 10
(30%) and 2 of 8 (25%) of CP and AP CML patients expressed
IGF-IR, respectively. Nonetheless, the frequency of IGF-IR expres-
sion increased to 11 of 15 (73%) of CML patients during the
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advanced BP. Increased expression levels of IGF-IR with the progres-
sion of CML was further supported by quantitative real-time PCR that
demonstrated significantly higher levels of IGF-IR mRNA in the
majority of BP patients compared with CP and AP patients (Fig. 2B).

Selective or specific antagonism of IGF-IR
induces negative biological effects 
in CML cell lines

PPP, a selective inhibitor of IGF-IR, decreased the viability of CML
cell lines. This effect was both concentration and time dependent

and was more pronounced in the cell lines KBM-5 and MEG01
when compared with K562 and BV173 (Fig. 3A). At 48 hrs, PPP
IC50 was 0.3 �M and 0.9 �M for KBM-5 and MEG01 cell lines,
respectively. In spite of being less effective in K562 and BV173
cells, PPP at a concentration of 2.0 �M induced 36% and 37%
decrease in the cell viability of these two cell lines at 48 hrs,
respectively (Fig. 3A). The human skin fibroblast cells AG01523
were used as a negative control for the effect of the treatment with
PPP [14]. Also, PPP induced concentration- and time-dependent
increase in apoptotic cell death in CML cell lines. Apoptosis was
demonstrated by flow cytometric analysis of annexin V binding
(Fig. 3B). Cells were considered apoptotic when stained for
annexin V only or when stained simultaneously for annexin V and

Fig. 1 Expression of IGF-IR in CML cell lines. (A) Immunohistochemical staining shows strong and universal expression of IGF-IR in four CML cell lines
including K562, KBM-5, MEG01 and BV173. (B) Western blotting confirms the expression of IGF-IR protein in all of the CML cell lines. The K562 cell
line demonstrates a higher level of IGF-IR protein compared with the other three cell lines. �-Actin confirms equal loading. (C) RT-PCR shows the
expression of IGF-IR mRNA in CML cell lines. Similar to IGF-IR protein levels, K562 cells appear to express the highest level of IGF-IR mRNA. �-Actin
supports equal loading. In all of these experiments, R� and P6 cells served as negative and positive controls for the expression of IGF-IR, respectively.
(D) The KBM-5 and MEG01 cell lines demonstrate lower levels of pIGF-IR in comparison with K562 and BV173. The results represent the means � S.D.
of three experiments. *: P � 0.0001 compared with K562 and BV173 and †: P � 0.0001 compared with MEG01. (E) The KBM-5 and MEG01 cell lines
possess the lowest levels of IGF-IR tyrosine kinase activity. Depicted results represent the means � S.D. of three experiments. *: P � 0.05 compared
with BV173, †: P � 0.0001 compared with K562 and BV173, ‡: P � 0.05 compared with MEG01 and ¶: P � 0.001 compared with K562 and BV173.
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PI. Similar to the changes in cell viability, inhibition of IGF-IR by
PPP was associated with more apoptotic death in the two cell lines
KBM-5 and MEG01. Furthermore, PPP induced G2/M-phase cell
cycle arrest in the four cell liens included in the study (Fig. 3C).
Apoptosis and cell cycle arrest were also morphologically docu-
mented after staining of the cells with Giemsa (Fig. 3D).
Morphological changes consistent with apoptosis included
nuclear fragmentation and condensation and cell shrinkage. The
occurrence of the G2/M-phase was demonstrated in the form of
significantly increased atypical mitotic figures. In addition, Fig. 3E
and F demonstrate that antagonism of IGF-IR by PPP induced sig-
nificant concentration-dependent decrease in the cell proliferation
and cell growth in soft agar of the CML cell lines K562, KBM-5 and
MEG01. The BV173 cell line showed less response to PPP in these

two experiments. The number of colonies corresponding to each
of the cell lines is shown in the left panel of Fig. 3F, and represen-
tative culture plates from K562 and KBM-5 cell lines are depicted
in the right panel.

Because PPP might have induced some nonspecific effects,
we have also initiated experiments using IGF-IR siRNA. IGF-IR
siRNA decreased the viability of CML cell lines. The effect of 
IGF-IR siRNA was more pronounced at 48 hrs (Fig. 4A).
Consistently, treatment of these cells with IGF-IR siRNA was
associated with significant increase in apoptotic cell death that
became more prominent at 72 hrs (Fig. 4B). Similar to the results
obtained with PPP, the KBM-5 cell line was generally more sensi-
tive to the specific down-regulation of IGF-IR by siRNA compared
with K562 and BV173.

Blockade of IGF-IR decreases the viability 
of imatinib-resistant p210 BCR-ABL-expressing
cell lines or primary neoplastic cells

To test the effect of inhibition of IGF-IR on imatinib-resistant p210
BCR-ABL-expressing cells, we employed three different
approaches. In the first, we used BaF3 cells permanently trans-
fected with WT p210 BCR-ABL or one of its mutants BCR-ABLE255K

or BCR-ABLT315I that are known to be resistant to imatinib. As
shown in Fig. 5A, Western blotting confirmed the expression of WT
p210 BCR-ABL or one of its mutants, IGF-IR, and pIGF-IR in BaF3.
At the other hand, BaF3 cells transfected with empty vector only
demonstrated the expression of IGF-IR and pIGF-IR proteins. Only
BaF3 cells that expressed WT p210 BCR-ABL demonstrated
marked concentration- and time-dependent decrease in cell viabil-
ity after treatment with imatinib (Fig. 5B). In contrast, BaF3 cells
that expressed either BCR-ABLE255K or BCR-ABLT315I or trans-
fected with an empty vector were completely resistant to imatinib
(Fig. 5B). Notably, BaF3 cells transfected with BCR-ABLE255K or
BCR-ABLT315I mutants demonstrated significant concentration-
and time-dependent decrease in their viability when treated with
PPP (Fig. 5C).

In the second approach, we examined the effects of treatment
with imatinib, PPP or combined imatinib and PPP on the viability
of CML cell lines (Fig. 5D). At 24 hrs, imatinib decreased the via-
bility of K562, KBM-5 and BV173 cell lines by 36%, 27% and 21%,
respectively. PPP alone decreased the viability of these cell lines
by 36%, 86% and 37%, respectively. Combining imatinib and PPP
was more dramatic because the viability of K562, KBM-5 and
BV173 cell lines decreased by 58%, 92% and 49%, respectively. It
is worth mentioning that although the MEG01 cell line was gener-
ally more sensitive and demonstrated a decreased viability of 71%
or 73% after treatment with imatinib or PPP alone, respectively,
combined treatment significantly enhanced this effect and resulted
in 84% decrease in the viability of these cells (Fig. 5D).

Lastly, we examined the effect of inhibition of IGF-IR by PPP on
primary neoplastic cells collected from five imatinib-resistant CML
patients (two in CP and three in BP). PPP efficiently induced 

Fig. 2 Expression of IGF-IR in primary human CML specimens. (A) A rep-
resentative bone marrow specimen from a patient with CML in BP
demonstrates strong expression of IGF-IR protein compared with bone
marrow specimen from a CML patient in CP that is negative for IGF-IR.
(B) The markedly increased expression of IGF-IR in the majority of BP
CML patients (four out of five patients) compared with patients in CP
(four patients) or AP (five patients) is also demonstrated by real-time
quantitative PCR analysis of primary neoplastic cells.
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tically significant (P � 0.0001 at both 24 and 48 hrs). (B) Antagonism of IGF-IR by PPP induces concentration- and time-dependent increase in apop-
totic cell death in CML cell lines (results collected at 24 hrs are shown in the left panel and at 48 hrs in the right panel). Results shown represent the
means � S.D. of three consistent experiments. *: P � 0.05, †: P � 0.01, and ‡: P � 0.001 compared with control untreated cells. At 24 hrs, the cell
line MEG01 demonstrated significantly more apoptotic cell death compared with the other three cell lines. After 48 hrs, apoptosis was more pronounced
in KBM-5 and MEG01. Comparing the collective response of K562 and BV173 to PPP versus KBM-5 and MEG01 cell lines showed that P 
 0.0021 at
24 hrs and P 
 0.0004 at 48 hrs. (C) Treatment of CML cell lines with PPP induces G2/M-phase cell cycle arrest as demonstrated by flow cytometric
analysis after staining with PI. (D) Morphological changes consistent with apoptosis are shown, and include nuclear condensation and fragmentation
and cell shrinkage (black arrowheads). Markedly increased atypical mitotic forms are consistent with G2/M-phase cell cycle (red arrowheads). Original
magnification is �500. (E) Antagonism of IGF-IR signalling by PPP induces concentration-dependent decrease in the proliferation of CML cell lines at
24 hrs. At a PPP concentration of 1.0 �m, this effect is less pronounced in the BV173 cell line. The results shown are the means � S.D. of three experi-
ments. *: P � 0.001 compared with control untreated cells and †: P � 0.001 compared with PPP (0.2 �M). (F) Treatment of CML cell lines with PPP
markedly decreases their growth in soft agar. The effect is more prominent in K562, KBM-5 and MEG01. The means � S.D. of the numbers of the
colonies of each cell line from three consistent experiments are shown in the left panel. *: P � 0.01 and †: P �0.001 compared with control untreated
cells. Representative cell culture plates from K562 and KBM-5 cells are depicted in the right panel.

Fig. 3 Selective inhibi-
tion of IGF-IR induces
negative biological
effects in CML cell lines.
(A) The selective
inhibitor of IGF-IR PPP
induces concentration-
and time-dependent
decrease in the viability
of CML cell lines.
Results shown are the
means � S.D. of three
consistent experiments
(24 hrs in the left panel
and 48 hrs in the right
panel). The effect of
PPP is more pro-
nounced in the KBM-5
and MEG01 cell lines. 
At 24 hrs, the decrease
in cell viability was 
statistically significant
between the four cell
lines and the control
cells AG01523 (P �

0.0001). At 48 hrs, 
the decrease in the 
cell viability remained
statistically significant
between the four cell
lines and the control
cells AG01523, albeit
more significant in
KBM-5 and MEG01
cells (P 
 0.017 for
K562 and BV173 and 
P � 0.0001 for KBM-5
and MEG01). In addi-
tion, the difference in
PPP-induced decrease
in cell viability between
both K562 and BV173
cell lines versus KBM-5
and MEG01 was statis-
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Fig. 3 Continued.
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Fig. 3 Continued.
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time- and concentration-dependent decrease in the viability of
these cells (Fig. 5E). The decrease in the viability of these cells
could be explained at least partially by occurrence of apoptotic cell
death as demonstrated by cell shrinkage, nuclear condensation,
nuclear fragmentation and cytoplasmic vacuolization (Fig. 5F).

Effects of selective or specific down-regulation 
of IGF-IR on IGF-IR, BCR-ABL and downstream
target molecules

To this end we sought to explore a biochemical explanation for the
negative effects observed in CML cells after blockade of IGF-IR
signalling. We first tested the effects of PPP on IGF-IR and BCR-
ABL tyrosine kinases. Whereas PPP decreased the tyrosine kinase
activity of IGF-IR in a concentration-dependent fashion in K562
and KBM-5 cell lines, it did not induce a similar effect on BCR-ABL
(Fig. 6A). In addition, Western blotting and co-immunoprecipita-
tion studies (the KBM-5 cell line is depicted as a representative
example) showed that PPP decreased the levels of tyrosine phos-
phorylated IGF-IR in a concentration-dependent manner (Fig. 6B).
Of important note is that PPP did not reduce the tyrosine phos-
phorylation levels of BCR-ABL (Fig. 6B). The decrease in IGF-IR

tyrosine kinase activity and pIGF-IR levels was associated with
down-regulation of activated/phosphorylated Akt and STAT5. PPP
also caused concentration-dependent decreases in Bcl-2, Bcl-XL

and caspase-3, which is consistent with apoptotic cell death.
Finally, inhibition of IGF-IR induced significant alterations in cell
cycle regulatory proteins. Specifically, PPP induced up-regulation
of cyclin B1, and simultaneous down-regulation of cyclin E and
pCdc2. Changes were not seen in Cdc2 or p16. Collectively, these
results are consistent with G2/M-phase cell cycle arrest.

We also confirmed some of the molecular effects of PPP by
using siRNA to specifically down-regulate IGF-IR. Transfection of
the KBM-5 cell line with IGF-IR siRNA decreased IGF-IR protein
level, whereas BCR-ABL and pBCR-ABL protein levels remained
unaltered (Fig. 6C). Similar to the effects observed with PPP,
down-regulation of IGF-IR by siRNA was associated with a notable
decrease in pAkt and pSTAT5 proteins (Fig. 6C).

Discussion

CML is the most common form of chronic myeloproliferative dis-
eases and is characterized by the BCR-ABL chimeric protein that

Fig. 4 Specific blockade of IGF-IR decreases cell viability and induces apoptosis in CML cell lines. (A) IGF-IR siRNA decreases the viability of K562,
KBM-5 and BV173 cell lines. The decrease in cell viability is time-dependent and becomes more pronounced at 48 hrs after transfection of the cells.
At 24 hrs, the KBM-5 cell line appears to be more sensitive to the effects of IGF-IR siRNA when compared with K562 and BV173. *: P � 0.05 and †:

P � 0.001 versus control untreated cells and ‡: P � 0.05 versus IGF-IR siRNA (24 hrs). Comparing the collective effect of IGF-IR siRNA on decreas-
ing the viability of the K562 and BV173 cell lines versus KBM-5 demonstrated that P 
 0.0002. (B) IGF-IR siRNA increases apoptotic cell death in K562,
KBM-5 and BV173 cell lines. The effect of IGF-IR siRNA is pronounced in the KBM-5 cell line at 24 hrs after transfection and, therefore, additional analy-
sis at 72 hrs was not performed. For the K562 and BV173 cell lines, after 72 hrs apoptosis became equally similar to KBM-5.at 24 hrs. *: P � 0.01 and
†: P � 0.001 compared with control untreated cells. Statistical significance was not achieved when individual cell lines were compared but comparing
the collective effect of IGF-IR siRNA on apoptosis showed a slightly more significant response in KBM-5 cells versus K562 and BV173 (P 
 0.048).
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Fig. 5 Inhibition of IGF-IR decreases the viability of imatinib-resistant p210 BCR-ABL-expressing cells. (A) Western blotting shows the expression of IGF-
IR, pIGF-IR, WT p210 BCR-ABL, BCR-ABLE255K or BCR-ABLT315I in BaF3 cells. BaF3 cells transfected with empty vector lack the expression of BCR-ABL.
�-Actin confirms equal loading of the proteins. (B) Only BaF3 cells transfected with WT p210 BCR-ABL demonstrate time-dependent decrease in cell via-
bility after treatment with imatinib (5.0 �M). In contrast, BaF3 cells transfected with BCR-ABL mutants or empty vector are completely resistant to imatinib
treatment. *: P � 0.001 compared with control untreated cells and †: P � 0.001 compared with imatinib (5.0 �M; 24 hrs). (C) Targeting IGF-IR by PPP
induces concentration- and time-dependent decrease in the viability of BaF3 cells transfected with WT BCR-ABL or the BCR-ABLE255K and BCR-ABLT315I

mutants that are known to be resistant to imatinib. The results at 24 hrs are shown in the left panel and those at 48 hrs in the right panel. The results are
means � S.D. of three consistent experiments. *: P � 0.05 and †: P � 0.001 versus control untreated cells. (D) Treatment of KBM-5 or BV173 cell lines
with PPP alone is significantly more effective in decreasing the viability of these cells than treatment with imatinib alone. The effect on cell viability of all
CML cell lines is significantly enhanced when imatinib was combined with PPP. Notably, the MEG01 cell line demonstrates pronounced response to ima-
tinib. Nonetheless, the effect of imatinib in MEG01 cell line is significantly enhanced when PPP was additionally used. The data represent the means � S.D.
of three experiments. *: P � 0.05 and †: P � 0.001 compared with PPP (2.0 �M) and ‡: P � 0.001 compared with imatinib (1.0 �M). (E) PPP induces
concentration- and time-dependent decrease in the viability of primary cells from five imatinib-resistant CML patients (two in CP and three in BP). Results
at 24 hrs are shown in the left panel and at 48 hrs in the right panel. When compared with untreated cells, the decrease in cell viability is statistically 
significant at a PPP low concentration of 0.2 �M in four of the five patients. The results are shown as means � S.D. of three experiments. *: P � 0.05, 
†: P � 0.01 and ‡: P �0.001 compared with untreated cells. (F) Inhibition of IGF-IR by PPP induces morphological changes consistent with apoptosis
(black arrowheads), including cell shrinkage, nuclear condensation, nuclear fragmentation and cytoplasmic vacuolization, in primary CML cells from patients
with resistance to imatinib. Representative results from P2 (CP) and P3 (BP), included in Fig. 5E, are shown. Original magnification is �1000.
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Fig. 5 Continued.
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possesses a constitutively active ABL tyrosine kinase. It is not
uncommon that CML evolves into three clinicopathological stages
CP, AP and BP. The discovery of imatinib mesylate, a selective
inhibitor of ABL, has revolutionized the therapeutic approach and
significantly improved the clinical outcome of CML patients [20, 21].
Nonetheless, this therapeutic approach is not always effective
because some patients develop BCR-ABL gene mutations that ren-
der them resistant to imatinib [23, 32, 33]. Furthermore, imatinib
is much less effective when patients evolve into the more aggres-
sive BP stage where sometimes they develop BCR-ABL gene
amplifications [23]. Recent studies in mice demonstrated that tar-
geting multiple kinases is more effective in improving treatment of
BCR-ABL-expressing leukaemia [34]. In addition, considering the
steady increase in the number of CML patients who develop resist-
ance to imatinib, identifying BCR-ABL-independent new therapeu-
tic pathways to be utilized for the treatment of these patients is
highly needed [35].

Signalling through the IGF-IR tyrosine kinase has recently
become a major focus of cancer research and most of this
research has been related to solid tumours [7–11, 36]. Despite the
stimulatory effects that IGF-IR exerts on haematopoietic cells 
[12, 37, 38], significantly fewer studies have investigated a role of
IGF-IR in haematological malignancies. In the present study we
found that the expression of IGF-IR protein is much more pro-
nounced during the advanced BP stage of CML. This finding was
further document by using quantitative real-time PCR that showed
remarkably higher levels of IGF-IR mRNA in primary cells from the
majority of CML patients in BP compared with CP and AP patients.

IGF-IR was also expressed in four CML cell lines. It is important to
note that these cell lines represent either myeloid – K562, KBM-5,
MEG01 – or lymphoid – BV173 – blasts that express p210 BCR-
ABL, and were all developed from CML patients during the
advanced BP stage of their disease [39].

The significance of IGF-IR as a potential molecular target in
CML was stressed when PPP induced negative biological effects
in CML cells. PPP is a cyclolignan that induces activation loop-
specific inhibition of tyrosine phosphorylation of IGF-IR [28]. The
effects of PPP in CML cells included apoptosis, G2/M-phase cell
cycle arrest, decreased cell proliferation and abrogation of cell
growth in soft agar. Similar to our results in the cell cycle, a recent
study showed that PPP induces G2/M-phase cell cycle arrest in
plasma cell myeloma cells [14]. In contrast to CML cell lines, PPP
did not have significant negative effects on the viability of the
human skin fibroblast cells AG01523 suggesting that selective tar-
geting of IGF-IR will probably not affect benign human cells. It is
important to emphasize that PPP, despite being able to decrease
IGF-IR kinase activity and to down-regulate pIGF-IR, failed to
induce similar effects on BCR-ABL. These findings, to a great
extent, ruled out the possibility that the effects of PPP were at
least partially attributed to nonspecific interactions with BCR-ABL.
However, because pharmacologic/selective inhibitors might
induce unknown ‘off-target’ effects, we sought to explore specific
antagonism of IGF-IR by siRNA. The results were consistent with
PPP and demonstrated that IGF-IR siRNA decreases the viability
and enhances the apoptosis of CML cell lines.

The negative biological effects of inhibition of IGF-IR could be
at least partially explained by several alterations in apoptosis and
cell cycle regulatory proteins as well as by the decreases in
pSTAT5 and pAkt, two proteins with known significant oncogenic
effects in CML. The oncogenic role of pAkt and pSTAT5 in CML
has been shown to be even more pronounced when the patients
develop resistance to imatinib [40–42]. In our experiments, the
decrease in pAkt and pSTAT5 after treatment with PPP or IGF-IR
siRNA was significant yet independent from any inhibitory effect
on BCR-ABL, a well-documented upstream activator of both Akt
and STAT5 [43–45]. These results support the notion that in the
advanced and more aggressive clinicopathological stages of CML,
BCR-ABL is most likely not the only ‘key player’. Also, these
results provide strong evidence to indicate that targeting alterna-
tive signalling transduction mechanisms that are independent
from BCR-ABL might induce effects superior to targeting BCR-
ABL at least in some cases of advanced stage CML patients. Akt is
a downstream effector of IGF-IR signalling and, therefore, it was
expected that antagonism of IGF-IR signalling would decrease the
activation/phosphorylation status of Akt in CML cells [46, 47]. On
the other hand, the decrease in pSTAT5 levels after targeting IGF-
IR by PPP or siRNA is intriguing. Previous studies exploring the
contribution of IGF-I/IGF-IR signalling to the activation of STAT
proteins are notably limited. Some of these studies supported the
role of IGF-IR in the phosphorylation/activation of STAT3 through
a JAK1/JAK3-dependent mechanism but a direct role of IGF-IR in
the activation of STAT5 remains debatable [48]. It has been pro-
posed that IGF-I/IGF-IR signalling could function to augment the

Fig. 5 Continued.
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activation of STAT5 through interaction with other cytokine/growth
factor signalling mechanisms such as erythropoietin, for example
[49]. It still cannot be completely excluded that the activation of
STAT5 by IGF-IR is cell type dependent. In any case, this interest-
ing and important observation needs further exploration.

We have recently identified a pathogenetic role of IGF-IR in 
T-cell ALK anaplastic large cell lymphoma [50]. Our results in this
lymphoma demonstrate the physical association and reciprocal
functional collaboration between IGF-IR and NPM-ALK, a chimeric
protein with constitutive tyrosine kinase activity that carries 

Fig. 6 Effects of inhibition of IGF-IR on IGF-IR, BCR-ABL and downstream target proteins in CML cell lines. (A) PPP induces concentration-dependent
decrease in IGF-IR tyrosine kinase activity in K562 and KBM-5 cell lines. In contrast, PPP fails to cause similar effect in BCR-ABL tyrosine kinase activ-
ity. The results represent the means � S.D. of three consistent experiments. *: P � 0.01 and †: P � 0.001 compared with control untreated cells. (B)
Western blotting and co-immunoprecipitation studies confirm that PPP decreases the tyrosine phosphorylation of IGF-IR in a concentration-dependent
fashion (results shown are representative and were obtained from the KBM-5 cell line). The basal levels of IGF-IR did not change after treatment with
PPP. The phosphorylation level of BCR-ABL remains unchanged after treatment with PPP. The decrease in pIGF-IR is associated with down-regulation
of pAkt and pSTAT5, two oncogenic proteins in CML. Changes are not seen in Akt and STAT5. Also, PPP induces changes consistent with apoptotic cell
death including down-regulation of Bcl-2, Bcl-XL and caspase-3. Moreover, treatment with PPP induces up-regulation of cyclin B1 and down-regulation
of cyclin E and pCdc2, whereas the levels of Cdc2 and p16 remain unchanged. Overall, the changes in the cell cycle regulatory proteins are consistent
with G2/M-phase cell cycle arrest. �-Actin shows equal loading of the proteins. (C) IGF-IR siRNA decreases IGF-IR levels in the KBM-5 cell line and this
decrease is associated with down-regulation of pAkt and pSTAT5. Basal levels of these two proteins remain unchanged. IGF-IR siRNA did not induce
alterations in BCR-ABL or pBCR-ABL protein. �-Actin confirms equal loading of the proteins.
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significant biological similarities with BCR-ABL. Therefore, we
questioned whether the effect of IGF-IR in CML could be attribut-
able to its interaction with BCR-ABL. Although the results of inhi-
bition of IGF-IR by PPP or siRNA do not support this interaction,
we further explored this point. To this end, we used different anti-
body combinations to perform co-immunoprecipitation experi-
ments that failed to demonstrate the physical association between
IGF-IR and BCR-ABL (data not shown). It is possible that BCR-ABL
indirectly enhances IGF-IR signalling through stimulation of the
signalling loop of IGF-I, the primary ligand of IGF-IR, as has been
recently reported by Lakshmikuttyamma et al. [51]. In agreement
with Lakshmikuttyamma et al. [51] we also found that the K562
cell line secretes considerable amounts of IGF-I, but in contrast,
our experiments demonstrated a minimal release of IGF-I by the
other three CML cell lines used in the present study (data not
shown). Based on these observations, we propose that the
increased expression and activation of IGF-I/IGF-IR signalling loop
in CML could also be due to additional factors that might not be
completely dependent on BCR-ABL. These factors appear to be
more pronounced during the BP stage. Our findings carry signifi-
cant clinical implications as they suggest that IGF-IR signalling in
CML might be independent from BCR-ABL and thus targeting IGF-
IR is expected to be more therapeutically effective for the treat-
ment of imatinib-resistant patients.

Not surprisingly the effect of inhibition of IGF-IR was not equal
among the CML cell lines. In general, the cell lines KBM-5 and
MEG01 were more sensitive to IGF-IR inhibition when compared
with K562 and BV173. We cannot completely exclude that the cell
lines used in our study have different rate of PPP efflux pump but
the similarities in the relative sensitivities of the cell lines when
treated with PPP or IGF-IR siRNA makes this possibility question-
able. Most probably the difference in the sensitivities of these cell
lines to IGF-IR inhibition is, at least in part, due to differences in
the phosphorylation level and tyrosine kinase activity of IGF-IR. In
support of this notion, we found that the more sensitive KBM-5
and MEG01 cell lines possess less phosphorylation levels and
tyrosine kinase activity of IGF-IR in comparison with K562 and
BV173. We have elected to measure the levels of pIGF-IR by using
an ELISA-based method because, in our experience, the commer-
cially available anti-pIGF-IR antibodies are nonspecific and interact
with the insulin receptor. According to the manufacturer, the anti-
body included in the ELISA kit is specific for pIGF-IR with no
apparent cross-reactivity with the insulin receptor. Similar to the
variability in their response to PPP, we also found the K562, KBM-5

and BV173 cell lines to be more resistant to imatinib than the
MEG01 cell line. Although this variability reflects the heterogene-
ity of the cell lines, similar observations could also be seen in the
patients’ response to therapeutic interventions, which is in agree-
ment with the current concept that a ‘personalized’ therapeutic
approach rationally tailored based on a common molecular back-
ground could be significantly more effective in eradicating cancer.
Regardless, a combined treatment of these cell lines with both
PPP- and imatinib-induced synergetic effect and a more pro-
nounced decrease in cell viability. The ability of IGF-IR inhibitor to
overcome the resistance to imatinib was also illustrated when PPP
caused marked decrease in the viability of BaF3 cells permanently
transfected with BCR-ABLE255K or BCR-ABLT315I, two imatinib-
resistant BCR-ABL mutants that are known to have significant
clinical impact in CML patients [23, 32, 33]. The clinical potential
of the inhibition of IGF-IR in imatinib-resistant CML was further
emphasized in primary cells from CML patients with known resist-
ance to imatinib. Although the level of IGF-IR activation was not
known in the cells collected from these patients, PPP decreased
the viability and induced significant apoptosis in these cells.

In conclusion, in this paper we show markedly increased
expression levels of IGF-IR with the advancement of CML to the
BP stage. Also, inhibition of IGF-IR signalling induces negative
biological impact in CML cells. Importantly, blockade of IGF-IR
appears to overcome imatinib-resistance of CML cells. These find-
ings suggest that targeting IGF-IR might become a potential ther-
apeutic strategy for the treatment of CML patients particularly dur-
ing the more aggressive BP stage or when resistance to therapy
with imatinib evolves. New selective and specific IGF-IR inhibitors
are currently being developed and utilized in clinical trials [52, 53].
Some of these inhibitors have demonstrated promising results
with minimal untoward effects in patients with aggressive solid
tumours [54], which make these inhibitors reasonable alternative
to be evaluated for the treatment of CML patients.
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