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Abstract

It has been recently shown that IGF-IR contributes significantly to the survival of T lymphoblastic
leukemia/lymphoma (T-LBL) cells, and it was therefore suggested that IGF-IR could represent a
legitimate therapeutic target in this aggressive disease. Picropodphyllin (PPP) is a potent, selective
inhibitor of IGF-IR that is currently used with notable success in clinical trials that include patients
with aggressive types of epithelial tumors. In the present study, we tested the effects of PPP on
Jurkat and Molt-3 cells; two prototype T-LBL cell lines. Our results demonstrate that PPP
efficiently induced apoptotic cell death and cell cycle arrest of these two cells. These effects were
attributable to alterations of downstream target proteins. By using proteomic analysis, 7 different
proteins were found to be affected by PPP treatment of Jurkat cells. These proteins are involved in
various aspects of cellular metabolism, cytoskeleton organization, and signal transduction
pathways. The results suggest that PPP affects multiple signaling molecules and inhibits
fundamental pathways that control cell growth and survival. Our study also provides novel
evidence that PPP could be potentially utilized for the treatment of the aggressive T-LBL.
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Introduction

The type | insulin-like growth factor receptor (IGF-IR) tyrosine kinase is composed of two
identical a and two identical § subunits connected by disulfide bonds to form the functional
transmembranous homodimeric protein complex [1,2]. Signaling through IGF-IR
contributes to the establishment and progression of human malignancies. IGF-IR plays
important roles in regulating cellular differentiation, shape, and migration, as well as
metastatic dissemination [3-5]. The oncogenic potential of IGF-IR has been repeatedly
documented in a large variety of solid tumors [6-11]. Notably, fewer studies have been
performed to systematically explore the role of IGF-IR in hematologic neoplasms [12-20].

Picropodophyllin (PPP), an epimer of podophyllotoxin, appears to be particularly promising
since it induces activation loop-specific inhibition of the tyrosine phosphorylation of IGF-IR
without suppressing the activity of the insulin receptor or other more distantly related
receptors [20,21]. Inhibition of IGF-IR tyrosine kinase with PPP does not interfere with ATP
binding in the kinase domain, which suggests that it induces its inhibitory effect at the
substrate level. PPP has demonstrated promising anti-tumor activity in several types of
cancer, including plasma cell myeloma, medulloblastoma, ALK™* anaplastic large-cell
lymphoma, mantle cell lymphoma, chronic myeloid leukemia, and non-small cell lung
cancer [13-16, 19-24]. Indeed, PPP (AXL1717) is currently used in Phase I/11 clinical trials
that include patients with some of the most aggressive and resistant types of cancer, and it
appears to induce promising results with minimal side effects [24, http://clinicaltrials.gov/
show/NCT01721577; http://clinicaltrials.gov/show/NCT01561456].

T lymphoblastic leukemia/lymphoma (T-LBL) is an aggressive hematological neoplasm
[25]. Although it may occur any age group, T-LBL has the predilection to affect adolescents
and young adults [26]. Typically, T-LBL presents with increased blasts in the bone marrow
and peripheral blood. It often presents with large mediastinal mass, lymphadenopathy, and
hepatosplenomegaly. Previous studies have shown that IGF-IR is overexpressed in T
lymphoblasts [27, 28]. Importantly, a recent study has supported major contributions of IGF-
IR to the survival of leukemia-initiating cells in T-LBL. This study also concluded that IGF-
IR inhibitors could have a major impact on the treatment of this aggressive type of cancer in
the near future [29]. Because PPP is a potent, selective inhibitor of IGF-IR that is currently
being explored in clinical trials of resistant cancer patients with notable success, we set out
to examine the effects of PPP on prototype T-LBL cell lines including Jurkat and Molt-3.

Materials and methods

Cell lines and treatments

Jurkat and Molt-3 cell lines (ATCC, Manassas, VA, USA) were maintained in RPMI 1640
supplemented with 10% FBS (Sigma), glutamine (2 mM), penicillin (200 U/ml), and
streptomycin (100 pg/mL) at 37°C in humidified air supplemented with 5% CO». Selective
targeting of IGF-IR was achieved by PPP (Calbiochem, Gibbstown, NJ, USA) after being
dissolved in ethanol to a concentration of 0.5 mM (final concentration of ethanol was less
than 0.4% by volume). PPP was added at the indicated concentrations in Jurkat and Molt-3
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cells. In some experiments, Jurkat and Molt-3 cells were serum-deprived (1% FBS) for 16 h,
treated with vehicle or PPP for 6 h, and then stimulated with human recombinant IGF-I (100
ng/mL; Peprotech. Rocky Hill, NJ, USA) for 15 min.

Cell viability, apoptosis, and cell cycle assays

Cell viability was evaluated by the Cell Counting Kit-8 (Dojindo, Tokyo, Japan) according
to the manufacturer’s instruction. Apoptosis was analyzed by flow cytometry (FACScalibur,
BD Bioscenices, CA, USA) after staining the cells with annexin VV-FITC and propidium
iodide (PI) (Shanghai Majorbio Bio-Pharm Technology Co., China). Cell cycle analysis was
performed using standard techniques. Briefly, cells were centrifuged for 5 min at 800 rpm
and 4 °C, washed 2 times with PBS, and then suspended in 70% ethanol at 4°C overnight.
Thereafter, cells were spun and resuspended in PBS that contained 50 pug/ml of PI and
RNase A for 30 min at 37°C in the dark. The samples were analyzed by flow cytometery
and the ModFit LT 2.0 software (Verity Software, Topsham, ME, USA).

Immunoprecipitation and Western blotting

Cell lysates were obtained using standard techniques and RIPA lysis buffer (Beyotime
Institute of Biotechnology, Changzhou, China). For immunoprecipitation, lysates were
incubated with IGF-IRB (Zymed Laboratories, South San Francisco, CA, USA) antibody
overnight at 4°C. Agarose beads conjugated with A/G were then added and incubated for 4
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),
proteins (50-80 ug) were electrophoresed on 6% to 12% SDS-PAGE then transferred to
nitrocellulose membranes and probed with specific primary antibodies including IGF-IR
(Zymed Laboratories, South San Francisco, CA, USA), pIGF-IR (Tyr1131), Phospho-
Tyrosine, pAkt (Ser 473), Akt, pPMAPK (Thr202/Tyr204), MAPK (Erk1/2), caspase-3,
PARP (all from Cell Signaling Technology, Danvers, MA, USA), Bcl-2, cyclin B1, Bcl-X,
p16, B-Actin, calreticulin thioredoxin reductase-1, and Ran-specific GTPase-activating
protein (all from Epitomics, Burlingame, CA, USA). Thereafter, membranes were probed
with the appropriate horseradish peroxidase-conjugated secondary antibodies (Sinbio,
Shanghai, China). Bands were detected using chemiluminescence-based kit (GE Healthcare,
Buckinghamshire, UK).

Protein sample preparation for proteomic analysis

Cell pellets were collected by centrifugation and washed 2 times with PBS, snap-frozen, and
thereafter thawed in protein lysis buffer (8 M urea, 2% [w/v] CHAPS, 2% [v/v] carrier
ampholyte, pH4-7, 40 mM DTT [dithiothreitol] and 0.002% [w/v] bromphenol blue).
Insoluble materials were removed by centrifugation, the supernatant was collected, and
protein content was determined by the Bradford method as previously described [30].

Two-dimensional polyacrylamide gel electrophoresis

200 pg proteins were loaded onto a 24-cm immobilized linear pH gradient (IPG) strip, pH
4-7 (GE Healthcare, Little Chalfont, Buckinghamshire, UK). Isoelectric focusing was
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performed with the IPGphor system (GE Healthcare). For the second dimensional
electrophoresis, SDS-polyacrylamide gel electrophoresis (PAGE) was performed on a
vertical electrophoresis system (Ettan DALT6; GE Healthcare). Images of each gel were
acquired using Lab-Scan version 3.0 software (GE Healthcare) and analyzed using
ImageMaster 2DE platinum version 4.5 software (GE Healthcare). The experiments were
repeated three times.

In-gel protein digestion, mass spectrometry analysis, and protein identification

Different proteins were excised from the two-dimensional gel and digested with trypsin, as
previously described [31]. Mass spectra of the spots were acquired by 4800 Plus MALDI
TOF/TOF™ Analyzer (Applied Biosystems, USA). Mass spectrometric data were analyzed
using the matrix-Science Mascot bioinformatics database search engine for peptide mass
fingerprint (PMF) matching against peptides from known protein sequences entered in
publicly available UniProt databases (http://www.uniprot.org/uniprot/).

Statistical analysis

Results

Experiments were performed in at least triplicates and repeated three times or more. The
data are presented as means + SD. Statistical analysis was performed by using Student t-test
or one-way ANOVA test where appropriate. P < 0.05 was considered statistically
significant.

Inhibition of IGF-IR by PPP induces cell death in Jurkat cells

Inhibition of IGF-IR by PPP induced time- and concentration-dependent decrease in the
viability of the T-LBL cells Jurkat and Molt-3 (Figure 1A). At 48 h after treatment, 1Cgy was
1.5and 1.0 uM in Jurkat and Molt-3 cells, respectively (Figure 1A). Of important note is
that we previously found that PPP does not decrease the viability of normal human T
lymphocytes [15]. Furthermore, PPP induced concentration- and time-dependent increase in
apoptotic cell death in Jurkat and Molt-3 cells (Figure 1B). Cells were considered apoptotic
when stained for annexin V only or when stained simultaneously for annexin V and PI. In
Jurkat and Molt-3 cells at 48 h of 2.0 uM PPP treatment, apoptosis was increased by 7.5 and
4.5-fold, respectively, compared to control untreated cells (Figure 1B). Cell cycle analysis
revealed that PPP induced a G2/M-phase cell cycle arrest in both Jurkat and Molt-3 cells
after 24 h and 48 h of treatment (Figure 1C).

PPP affects the levels of phosphorylated IGF-1R and downstream target molecules

We sought to explore a biochemical explanation for the PPP-induced death of Jurkat and
Molt-3 cells. Western blotting and immunoprecipitation showed that PPP decreased the
levels of tyrosine phosphorylated IGF-IR without altering baseline IGF-IR levels at 24 h
(Figure 2A, 2B). A subsequent analyses of signal transduction pathways revealed that IGF-
IR inhibition with PPP reduced activation of PI3K/Akt and MAPK/Erk signaling in Jurkat
and Molt-3 cells (Figure 2A). PPP also caused downregulation of Bcl-2 and Bcl-X|  and
induced activation of caspase-3 and PARP (Figure 2A), which is consistent with apoptotic
cell death. Furthermore, inhibition of IGF-IR by PPP induced upregulation of cyclin B1.
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However, changes were not seen in p16 (Figure 2A, 2B). Collectively, these results are
consistent with G2/M-phase cell cycle arrest.

To examine whether the effects of PPP in T-LBL is mediated through inhibition of IGF-IR
signaling, we first used IGF-I to stimulate serum-starved Jurakt and Molt-3. As
demonstrated in Fig. 2C, PPP significantly decreased the tyrosine-phosphoryalted IGF-IR
levels (Fig. 2C).

PPP changes expression of functional proteins

Proteins in Jurkat cells lysates were separated by 2-DE and the protein spots were visualized
following Coomassie R-250 staining. Three pairs of gel from different batches of control
and cells treated with 1.0 uM PPP for 24 h were analyzed for differential spot comparisons
with the ImageMaster 2DE platinum version 4.5 software. Spots were compared based on
volume percentage calculated as total spot volume to the whole gel image. Significantly
changed spots were selected if there was at least 4-fold increase/decrease in their intensity.
After the matching analysis, 7 protein spots were found to be significantly different in these
two batches of gels, and they were picked out at the corresponding site (Fig. 3A). The
proteins were identified by MALDI-TOF-MS on the basis of peptide mass matching
following in-gel digestion with trypsin. The peptide masses were matched with the
theoretical peptide masses of all proteins from the human species of the SwissProt database
(Table 1). Figure 3B shows the spectrum of the trypsin digest of protein spot 1.

Five proteins were downregulated in PPP-treated cells including calreticulin, cytoplasmic
actin-2, cytoplasmic thioredoxin reductase-1, Ran-specific GTPase-activating protein, and
Rho GDP-dissociation inhibitor-2. In addition, two proteins were upregulated and identified
as the UV excision repair protein RAD23 homolog B and tropomyosin beta chain. To
validate the results obtained by the proteomic approach, we carried out Western blotting
analysis with specific antibodies. WB confirmed the reduction in calreticulin, thioredoxin
reductase-1, and Ran-specific GTPase-activating protein levels after treatment of Jurkat cells
with PPP (P < 0.05) (Fig. 4A and 4B).

Discussion

Oncogenic signaling through the IGF-IR tyrosine kinase has become a major focus of cancer
research. The important contribution of IGF-IR signaling to the survival of T-LBL has been
recently documented [29]. In the present study, the significance of IGF-IR, as a potential
molecular target in T-LBL, was stressed once again when PPP induced negative biological
effects in Jurkat and Molt-3 cells. PPP is a cyclolignan that induces activation loop-specific
inhibition of tyrosine phosphorylation of IGF-IR [22]. The effects of PPP in Jurkat and
Molt-3 cells included down-regulation of PI3K/Akt and MAPK/Erk signaling pathways,
which was associated with apoptosis and G2/M-phase cell cycle arrest, similar to previously
reported effect of PPP in other type of cancer cells [13-16, 19]. It is important to emphasize
that we have previously demonstrated that PPP failed to induce negative biological effects in
3 different types of normal human cells including skin fibroblasts, B lymphocytes, and T
lymphocytes [15, 16, 19]. These findings are in agreement with the recently reported lack of
significant untoward effects of some of the IGF-IR inhibitors, including PPP, that are
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currently utilized in clinical trials of patients with solid tumors [22, 24, http://
clinicaltrials.gov/show/NCT01721577, http://clinicaltrials.gov/show/NCT01561456].
Biochemical analysis of the effects of PPP in T-LBL showed activation of caspase-3 and
PARP, downregulation of Bcl-2 and Bcl-X,_and upregulation of cyclin B1, which explain
the occurrence of apoptosis and G2/M cell cycle arrest observed in these cells. Collectively,
these findings further support important contributions of IGF-IR to the survival of T-LBL,
and identify some of the possible mechanisms by which inhibition of IGF-IR with PPP
induces negative biological effects in this type of cancer.

To our knowledge, this study is the first where proteomic analysis was used to analyze
changes in protein expression induced by PPP, which is expected to expand current
understanding of how PPP induces its effects in tumor cells. Our results showed that PPP
induced significant downregulation of 5 proteins, including careticulin, in Jurakt cells.
Calreticulin is a calcium-binding chaperone that plays versatile roles including folding,
oligomeric assembly and quality control of related proteins in the ER via the calreticulin/
calnexin cycle. This lectin interacts transiently with almost all of the monoglucosylated
glycoproteins that are synthesized in the ER. Calreticulin also interacts with the DNA-
binding domain of NR3C1 and mediates its nuclear export [32, 33]. The multiple activities
of calreticulin suggest that its expression may be prevalent in many cellular compartments
[34]. Our data indicate that PPP interferes with the expression of calreticulin and thus inhibit
cancer cell growth.

Cytoplasmic actin-2 belongs to the actin family. Although actins are highly conserved
proteins that are involved in various types of cell motility and are ubiquitously expressed in
eukaryotic cells, individual actins perform distinct functions based on their polarized
distributions in a variety of cells. Previous studies have shown that cytoplasmic actin-2
(cytoplasmic y-actin) is not required for skeletal muscle development but its absence leads to
a progressive myopathy and mutations in the y-actin gene (ACTG1) are associated with
dominant progressive deafness (DFNA20/26) [35, 36].

Cytoplasmic thioredoxin reductase 1 may possess glutaredoxin activity as well as
thioredoxin reductase activity and induces actin and tubulin polymerization, leading to
formation of cell membrane protrusions [37]. Ran-specific GTPase-activating protein
(RanBP1), a small cytosolic protein, is a major regulator of the Ran GTPase that controls
several cellular processes including nucleo-cytoplasmic transport, RNA processing, cell
cycle progression, mitotic spindle formation, and post-mitotic nuclear assembly [38-40].
Elevated RanBP1 expression had been reported in a variety of human malignancies [41],
and may be part of the regulatory mechanisms altered during tumourigenesis. Silencing of
RanBP1 causes aberrant mitotic spindle formation, inhibition of cancer cell proliferation,
and apoptosis [42, 43]. These observations, together with the findings of this study, suggest
that the inhibition of proteins regulating microtubule dynamics and cell division may
suppress tumor cell growth. Rho GDP-dissociation inhibitor 2 regulates the GDP/GTP
exchange reaction of the Rho proteins by inhibiting the dissociation of GDP from them, and
the subsequent binding of GTP to them [44, 45]. It acts as a negative regulator of Rho
GTPases [46]. In addition, it controls subcellular localization of the Rho GTPases through
binding the C-terminal isoprenoid modification, thus preventing their insertion into the
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plasma membrane and modulating the ratio of the active membrane-bound and inactive
soluble forms of Rho proteins [47]. Rho GDI was described as an antiapoptotic molecule
that promotes the resistance of cancer cells to drug induced toxicity. Overexpression of Rho
GDI in human breast cancer and lymphoma cells strongly inhibited apoptosis induced by
two different chemotherapeutic agents: etoposide and doxorubicin [48]. Rho GDI was
downregulated in response to chemotherapeutic drug treatments (all-trans retinoic acid and
the cyclin-dependent kinase inhibitor bohemine) [49, 50]. Our results suggest that PPP
treatment decreased the expression of Rho GDI, which might have contributed to enhancing
T-LBL cellular apoptosis.

It is well known that PPP is a stereoisomer of podophyllotoxin (PPT), a potent tubulin
inhibitor. Wu et al recently reported that, in human esophageal squamous cell carcinoma cell
lines, the cytotoxicity and downregulation of pAkt observed after treatment with PPP result
from microtubule inhibition (directly or indirectly through spontaneous PPT formation),
rather than any effect of PPP on IGF-IR [51]. From our results, PPP efficiently blocked IGF-
IR activity, reduced the phosphorylation of Akt (pAkt) and Erk1/2 (pErk1/2), induced
apoptosis and G2/M cell cycle arrest in Jurkat and Molt-3 cells. Importantly, PPP also
induced cell death in Jurkat and Molt-3 cells that were stimulated with IGF-I before
treatment. These findings suggest that PPP inhibits IGF-1/IGF-IR signaling in T-LBL.
However, similar to other small molecule inhibitors, we cannot completely exclude that PPP
may induce inhibitory effects on other cellular survival molecules independent from its
effects on IGF-IR. For instance, decreased levels of cytoplasmic thioredoxin reductase 1
after treating T-LBL cell lines with PPP suggests that PPP most likely interferes with tubulin
polymerizationon. Further studies are required to further characterize the other candidates
for PPP inhibitory effects on tumor cells growth and survival.

Upregulated proteins after treatment of Jurkat cells with PPP include the UV excision repair
protein RAD23 homolog B and Tropomyosin beta chain, respectively. RAD23B is a
multiubiquitin chain receptor involved in modulation of proteasomal degradation and may
play a role in endoplasmatic reticulum-associated degradation (ERAD) of misfolded
glycoproteins by association with PNGase and delivering deglycosylated proteins to the
proteasome [52]. Elevated RAD23B expression suggests that PPP was involved in ubiquitin
signaling pathway. Tropomyaosin beta chain binds to actin filaments in muscle and non-
muscle cells. It is implicated in stabilizing cytoskeleton actin filaments in non-muscle cells
and may have a role in agonist-mediated receptor internalization [53]. It seems that the
upregulation of Tropomyosin beta chain inhibits cancer cell growth. In short, these seven
proteins are involved in various aspects of cellular metabolism, cytoskeleton organization,
and signal transduction pathways.

In conclusion, we have shown that PPP induces significant alterations in several important
signaling proteins in Jurkat cells and also inhibits fundamental pathways regulating cell
survival in two T-LBL cell lines: Jurkat and Molt-3. Our data provide strong evidence that
targeting IGF-IR by PPP represents a potential therapeutic modality that can be successfully
utilized to eradicate the aggressive T-LBL.
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Figure 1.
PPP induces negative biologic effects in Jurkat and Molt-3 cells. (A) PPP induces a

concentration- and time-dependent decrease in Jurkat and Molt-3 cell viabilities. (B) PPP
also induces a concentration- and time-dependent increase in apoptotic cell death of Jurkat
and Molt-3 cells. All treatments were statistically significant compared with control
untreated cells (P<0.05). (C) Treating Jurkat and Molt-3 cells with PPP induces G2/M-phase
cell-cycle arrest. Data are shown as means + SD of three separate experiments.
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Figure 2.
PPP induces significant effects on downstream target proteins of IGF-IR in Jurkat and

Molt-3 cells. (A) Western blotting confirmed that at 24 hours, PPP induces marked down-
regulation of pIGF-IR, without a noticeable change in IGF-IR levels. In addition, PPP
induces significant activation of Caspase-3 and PARP, and decreases in the levels of the
antiapoptotic proteins Bcl-2 and Bcl-X| . Furthermore, PPP induces a notable increase in the
cell-cycle regulatory protein cyclin B1. Changes are not seen in p16. $-actin was used as an
internal control. Each experiment was repeated three times with similar results. (B)
Immunoprecipitation showed that PPP induces significant down-regulation of pIGF-IR,
without a noticeable change in IGF-IR levels. Representative results were shown (n=3). (C)
The stimulation with IGF-1 showed that obvious down-regulation of pIGF-IR and PPP
efficiently blocks IGF-IR activity and, pIGF-IR was down-regulated. p-actin was used as an
internal control. Each experiment was repeated three times with similar results.
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PPP affects the proteins expression in Jurkat cells. (A) Partial maps of the two-dimensional
electrophoresis analysis of total proteins in Jurkat cells. Digits represent the differential
spots. Spots 1-5 are the downregulated proteins and spots 6—7 are the upregulated ones. (B)
Peptide mass fingerprint of protein spot 1 excised from the two-dimensional electrophoresis

gel.
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PPP induces downregulation of calreticulin, thioredoxin reductase-1 and Ran-specific
GTPase-activating protein. (A) Western blotting shows that PPP induces significant
downregulation of calreticulin, thioredoxin reductase-1 and Ran-specific GTPase-activating
protein levels. GAPDH was used as internal control. (B) Histograms represent relative WB
band densitometry of control, compared to the corresponding band densitometry of GAPDH.
Data are shown as means * SD of three separate experiments.
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