Inhibition of the insulin-like growth factor 1 receptor by CHM-1 blocks proliferation of glioblastoma multiforme cells
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ABSTRACT

The insulin-like growth factor-1 receptor (IGF-1R) plays a pivotal role in transformation, growth, and survival of glioblastoma multiforme (GBM) cells, and has emerged as a general and promising target for cancer treatment. In this study, we examined the anti-tumor effects of CHM-1, a synthetic 6,7-methylenedioxy substituted 2-phenyl-4-quinolone derivative, on GBM cells in vitro and in vivo. CHM-1 selectively blocked IGF-1R auto-phosphorylation, with an ability to distinguish between IGF-1R and related tyrosine kinase receptors, such as insulin receptor (IR), epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), and fibroblast growth factor receptor (FGFR). Further investigation revealed that, the phosphorylation of ERK1/2 as well as Akt was inhibited in CHM-1 treated GBM8401 cells possibly through the selective blockage of IGF-1R auto-phosphorylation. Our study also showed that p.o. treatment with the hydrophilic dihydrogen phosphate CHM-1P reduced the tumor volumes of the GBM8401 derived tumors in mouse brain and also prolonged the survival rate. The results provided potential opportunities for effective chemotherapy for GBM.
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1. Introduction 

Glioblastoma multiforme (GBM) is the most aggressive and highly vascularized primary brain tumor in adults [1]. With its highly aggressive nature, GBM is characterized by marked angiogenesis and extensive tumor cell invasion into the normal brain parenchyma [2,3]. Despite advances in surgery, radiotherapy and chemotherapy, the overall prognosis for GBM patients remains dismal. Therefore, new therapeutic studies on the treatment of GBM are still an energetic topic.
The type 1 insulin-like growth factor receptor (IGF-1R) is overexpressed in some human cancers [4-6], including GBM. IGF-1R has been reported to involve in metabolism and survival of GBM cells [7]. Upon the ligands (IGF-1, IGF-2) binding, tyrosine phosphorylation occurs in the kinase domain of IGF-1R and subsequently leads to multisite auto-phosphorylation [8,9]. IGF-1R auto-phosphorylation activates the downstream signal pathways, such as phosphatidylinositol 3' kinase (PI3K)/Akt and Ras/Raf/mitogen-activated protein kinase (MAPK) which can lead to cell proliferation and anti-apoptotic signaling [10]. According to current understanding, the IGF-1R is not unique in driving tumor cell proliferation, it is required for cellular transformation by most oncogenes and mediates the combination of proliferation and survival signaling required for anchorage-independent growth [11]. 

Recently, the IGF axis has been recognized as a credible drug target for anticancer therapy and could potentially be hindered at different levels, including reduction of ligand levels or bioactivity, inhibition of receptor function using receptor-specific antibodies, and small-molecular tyrosine kinase inhibitors [12,13]. Ligand targeting approaches involve several measures that attempt to lower ligand concentration or use ligand-specific antibodies [14]. As for receptor-specific antibodies, several of them are being evaluated in clinical trails. The IGF-1R blocking antibodies have revealed favorable toxicity and available clinical results such as Pfizer antibody CP-751871 combining with chemotherapy in squamous cancers, which raises the response rate to chemotherapy alone of 41% to 72% with the antibody [15-17].

 On the basis of tyrosine kinase inhibitor strategy, the design is complicated by the fact that the kinase domain of IGF-1R shares 85% similarity with that of insulin receptor (IR), and the ATP binding cleft is 100% conserved [18]. Lacking the targeting selectivity could lead to the possibility of serious metabolic toxicity due to the blockage of IR signaling. Fortunately, several promising agents which employ as inhibitors of substrate phosphorylation show greater potential for specific IGF-1R inhibition, for instance, cyclolignan picropodophyllin (PPP), which inhibits tyrosine phosphorylation of Y1136 in the activation loop of the IGF-1R kinase domain, and does not affect the IR [19]. 

Quinolone derivatives have been discovered to have anti-cancer activities by the inhibition of tubulin polymerization and antimitotic performance [20-22]. Until now, some 2-phenylpyrroloquinolin-4-ones have been synthesized from the 2-phenyl-4-quinolones and shown to inhibit the growth of hepatocellular carcinoma both in vitro and in vivo [23]. In particular, CHM-1 significantly inhibited tubulin polymerization and showed cytotoxic effect on osterogenic sarcoma, colorectal adenocarcinoma, hepatocellular carcinoma, and ovarian cancer cell lines [24-27]. Although the extensive studies of CHM-1 have been carried out in various tumor cells, less information is known in GBM cells. In this study, we demonstrated the anti-cancer activity and cytotoxic effects of CHM-1 on human GBM cells and its underlying novel molecular mechanism. The results revealed that CHM-1 is a highly potent inhibitor for the growth of GBM cells.
2.
Materials and methods 

2.1. Antibodies and reagents

Quinolone derivatives, CHM-1, and CHM-1P were synthesized in our laboratory. Antibodies and reagents were purchased from commercial sources: antibodies against pY1135/1136-IGF-1R, IGF-1R β subunit, IR β subunit, pS2448-mTOR, pS473-Akt, Akt, pY202/204-ERK1/2, ERK1/2, pT389-p70S6K, and p-4E-BP1 were purchased from Cell Signaling Technology (Beverly, MA, USA); antibody against epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor (FGFR), phosphotyrosine (PY99), anti-mouse and anti-rabbit antibodies conjugated to horseradish peroxidase were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA); antibody against cyclin D1 was purchased from Abcam (Cambridge, UK); anti-(-actin antibody was from Sigma Chemical Co. (St. Louis, MO, USA).
2.2. Cell lines and cell cultures
The human DBTRG-05MG cells were obtained from American Type Culture Collection (Rockville, MD, USA). The human GBM8401, GBM8901, and G5T/VGH cells were obtained from Bioresources Collection and Research Center (Hsinchu, Taiwan). These cells were cultured in DMEM/F-12 supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin, and were grown at 37 °C in a humidified atmosphere of 5% CO2.
2.3. Western blot analysis and immunoprecipitation
Cells were treated with various agents as indicated in the figure legends. After treatment, western blotting was performed as described previously [28].  For the evaluation of receptor tyrosine phosphorylation, 0.5 mg of cell lysate protein was first immunoprecipitated with the antibodies. Subsequently, immunoprecipitates were resolved by a 7.5% SDS-PAGE and probed with the PY99 anti-phospho-tyrosine MAb.  The intensity of the bands was scanned and quantified with National Institutes of Health Image software.
2.4. Cell proliferation assays
The effect of cell proliferation was examined by MTT method as described previously [29]. In brief, cells were treated with different concentrations of drugs. After incubation for various times, MTT solution (5 mg/mL, Sigma Chemical Co., St Louis, MO, USA) was added to each well and incubated for 2 h at 37 °C. The MTT-formazan crystals formed by metabolically viable cells were dissolved in DMSO. Finally, the absorbance was monitored by a microplate reader at a wavelength of 570 nm.
2.5. Molecular flexible docking

Molecular flexible docking was performed by Dock 5.1 [30]. The Kollman partial charges were applied to protein models for force field calculation. Energy-optimized 3D coordinates and partial charges of small molecules were calculated by Marvin 5.2.2, Balloon 0.6 and OpenBabel 2.2.3 [31,32]. There were 1000 orientations searched and 200 conformers generated per cycle identified in Dock program. The docked conformers were then re-scored by HotLig to predicted protein-ligand binding modes. Protein structural superimposition was calculated and represented by Chimera 1.4.1 [33].
2.6. In vivo S.C. xenografts
    The animals used had access to food and water ad libitum. Experimental procedures using animals were approved by the Institutional Animal Care and Use Committees of The China Medical University. 

Female BALB/c nu/nu mice (18–20 g; 6-8 weeks of age), were purchased from National Animal Center (Taipei, Taiwan) and maintained in pressurized ventilated cage according to institutional regulations. GBM8401 or GBM8901 cells in log phase growth (2 ( 106 cells) were inoculated subcutaneously into the right flank of the mice. When tumors reached an approximate volume of 100 mm3, mice were selected and distributed for drug studies. CHM-1P was diluted with sterile saline before injection. Mice were weighed and tumors were measured using calipers every 3 days. Tumor volumes were determined by measuring the length (l) and the width (w) and the volumes were calculated as V = lw2 /2. On the final day of the treatment, mice were sacrificed, tumors were excised, weighted and sectioned and the tumor sections were embedded in OCT (optimum cutting temperature) compound and frozen at -70 °C.

2.7. In Vivo orthotopic xenografts

Female severe combined immunodeficient (SCID) mice (18–20 g; 6-8 weeks of age), were purchased from National Animal Center (Taipei, Taiwan) and maintained in pressurized ventilated cage according to institutional regulations. 50 µL of serum-free culture medium containing GBM8401 cells (1 ( 105) were stereotactically injected into the brain of SCID mice. Each experimental group contained 11 mice. All the in vivo experiments described in the present study were performed based on Authorization #LA1230509 of the Animal Ethics Committee of the Federal Department of Health, Nutritional Safety, and the Environment (Belgium).

2.8. Statistics

All values were expressed as mean ± S.E. Each value is the mean of at least 3 separate experiments for each group. Student’s t-test was used for statistical comparison. Asterisks indicate that the values are significantly different from the control.

3. Results

3.1. Cytotoxic screening of quinolone derivatives in GBM cells
We screened nine quinolone derivatives (Fig. 1A) and evaluated cell viability with MTT assay. Compared with the other eight candidates, CHM-1 clearly displays anti-proliferation effect on GBM8401 cells at 0.47 μM (Fig. 1A). Subsequently, we examined cell viability with CHM-1 in different GBM cell lines to assess the cell selectivity. IC50 for CHM-1 in these GBM cell lines ranged from 0.47 μM to >20 μM (Table 1). Although differential sensitivity was observed among the different tumor types, the GBM8401 cells having an IC50 of 0.47 μM was relatively sensitive.
3.2. GBM cell lines have an intact IGF-1R phosphorylation 

Recent reports have proved that IGF-1R play an important role in the processes of proliferation, transformation, and tumor growth in GBM cells [7]. We checked the expression and activation of IGF-1R in four GBM cell lines, GBM8401, GBM8901, DBTRG-05MG, and G5T/VGH. We found constitutive and consistent IGF-1R expression in all cell lines (Fig. 1B). G5T/VGH cells had the lowest expression of IGF-1R and almost null IGF-1R basal phosphorylation; nevertheless, GBM8401 cells had the highest levels of phosphorylation. 

3.3. CHM-1 selectively inhibits IGF-1R phosphorylation in GBM8401 cells 
GBM8401 cells were treated with different doses of CHM-1 or 0.1% DMSO for 24 h (Fig. 2A). Western blotting analysis of IGF-1R phosphorylation with the antibody against pY1135/1136-IGF-1R showed that as the concentration of CHM-1 increased, phospho-IGF-1R was gradually decreased. However, the expression of IGF-1R had no change after the treatment of CHM-1 (Fig. 2A). Because IGF-1R has homology with the IR, we next assessed the effects of CHM-1 on IR phosphorylation. However, we did not detect the variation of IR phosphorylation in a dose-dependent experiment (Fig. 2B). In addition, to determine the specificity of CHM-1 suppressed the activity of IGF-1R, we investigated its effects on tyrosine phosphorylation of other growth factor receptors. GBM8401 cells were exposed to various concentrations of CHM-1 for 24 h. Our results showed that even high concentrations of CHM-1 did not affect the basal phosphorylation of IR (Fig. 2D), PDGFR (Fig. 2E), EGFR (Fig. 2F), and FGFR (Fig. 2G). However, a dose-dependent inhibition of IGF-1R phosphorylation was evident in GBM8401 cells after treatment with equivalent doses of CHM-1 (Fig. 2C). Consequently, CHM-1 potentially functions as a specific inhibitor of IGF-1R tyrosine phosphorylation.
3.4. CHM-1 inhibits ERK1/2 and Akt pathways in GBM8401 cells
In a time-dependent experiment, lysates were made from GBM8401 cells treated with 0.5 μM CHM-1 and analyzed by Western blotting. From 0 to 48 h, the signals of ERK1/2 and Akt phosphorylation were both reduced. However, the amount of Akt and ERK1/2 proteins did not change (Fig. 3A). These data indicated that the downstream signal transductions of IGF-1R were inhibited by CHM-1. Moreover, decreased activity of ERK1/2 and Akt might contribute to the loss of anti-apoptotic and survival activity seen in GBM8401 cells. Next, to explore whether the CHM-1-induced growth inhibition of GBM8401 cells was correlated with impaired Akt signaling, we measured the phosphorylation levels of the Akt downstream target, mammalian target of rapamycin (mTOR) kinase, and its downstream substrates, p70S6K and 4EBP1. After exposure of GBM8401 cells to CHM-1 for 0, 12, 24, 48 h, the Western blotting analysis showed that after the drug treatment for 48 h the phosphorylation of mTOR almost disappeared and the levels of p-p70S6K and p-4EBP1 in GBM 8401 cells were down-regulated (Fig. 3B). These results indicated that CHM-1 might affect the translation regulation via mTOR signal pathway in GBM8401 cells. Additionally, the inhibition of phospho-ERK1/2 was observed as early as 1 h after incubation with CHM-1. The activity of ERK1/2 influences G1/S transition in myriad ways, including up-regulation and stabilization of cyclin D1. Thus, we also investigated whether decreasing phospho-ERK1/2 could act on the expression of cyclin D1. From the Western blotting, we observed that CHM-1 reduced the total amount of cyclin D1 protein in a time-dependent manner (Fig. 3B). These results suggested that the inhibition of the GBM8401 cell proliferation by CHM-1 might be due to the effects on the protein translation and cell cycle mechanisms. 
3.5. CHM-1 inhibits IGF-1R phosphorylation in IGF-1-stimulated GBM8401 cells
GBM8401 cells showed no detectable phosphorylation of IGF-1R when cells were cultured in serum-free medium without the addition of growth factors. In the presence of IGF-1, however, key tyrosine residues in the kinase domain of the β-subunit of IGF-IR became phosphorylated (Fig. 4A). Pretreatment with 0.5 μM CHM-1 for 2 h weakened the ability of IGF-1 to stimulate IGF-1R phosphorylation. There was no change in the amount of total IGF-1R between those different treatment groups as determined by immunoblotting. We next determined the effect of titrated CHM-1 on the key downstream signaling molecules of IGF-1R, Akt and ERK1/2. IGF-1 stimulation resulted in increased phosphorylation of ERK1/2 and Akt in compared to serum-free condition (Fig. 4A). CHM-1 inhibited this ligand-induced phosphorylation of ERK1/2 and Akt, which was consistent with the time course experiments. We did not observe any appreciable change in the level of total ERK1/2. Interestingly, the protein expression of Akt was decreased in a dose-dependent experiment. Furthermore, like IGF-1, insulin can activate the ERK1/2 and Akt signal pathway in cancer cells as well [34]. Because IGF-1R has homology with the IR, we assessed the effects of CHM-1 on IR phosphorylation as well. We examined insulin activation of IR in the presence of increasing concentrations of CHM-1. CHM-1 up to a concentration of 5 μM had no effect upon insulin-mediated activation of IR (Fig. 4B). Although IR activation could not be blocked by CHM-1, we observed that the level of p-Akt and p-ERK1/2 was diminished (Fig. 4B). The data revealed a possibility that CHM-1 could restrain another receptor or upstream targets activity in GBM8401.
3.6. Allosteric binding of CHM-1 against human IGF-1R kinase domain
To delineate the interactions between CHM-1 and IGF-1R kinase, structural models of PDB entries 1K3A [35] and 3D94 [36] were selected for molecular modeling study. PDB 1K3A is a complex structure of human IGF-1R kinase, which was solved to reveal the binding sites of ATP and Tyr-peptide substrate. On the other hand, PDB entry 3D94 shows the binding mode of ATP-competitive inhibitor PQIP. PQIP possesses a 2-phenylquinolinyl segment which was CHM-1-superimposable in structural similarity (Fig. S1A & S1B). The structural features of IGF-1R kinase with different ligands-bound states were compared through molecular 3D superimposition. As shown in Fig. S2, conformation of activation loop changes dramatically between ATP-bound (model 1K3A; yellow color) and PQIP-bond (model 3D94; magenta color) states. The auto-phosphorylation of Tyr-1131, Tyr-1135 and Tyr-1136 on activation loop is also inhibited by PQIP. The binding pocket of PQIP was then used for predicting the binding mode of CHM-1 against IGF-1R kinase. Molecular docking study showed that CHM-1 interacted with IGF-1R just at the binding site of 2-phenylquinolinyl segment of PQIP (Fig. S3). The results were compatible with the properties of structural similarity.
3.7. Antitumor activity of CHM-1 in animals bearing subcutaneous GBM tumors

To investigate the anti-tumor activity of CHM-1 in an animal model, GBM-8401 cells were injected s.c. into the dorsal subcutaneous tissue of female Balb/c nude mice. For the improvement of drug solving ability, we modify CHM-1 with a phosphate group, named CHM-1P (Fig. S4). Temozolomide (TMZ), an oral chemotherapeutic drug with broad-spectrum of antitumor activity was used as positive control. Oral treatment of 20 mg/kg CHM-1P to GBM8401 tumor-bearing animals once daily resulted in a 60% inhibition of tumor growth compared with control group (calculated at the end of the treatment period; Fig. 5A). The average tumor size at the 4th week was 1,500 ± 30 mm3 for the control group, in contrast to a size of only 600 ± 15 mm3 for the CHM-1P-treated group. Moreover, GBM8401 tumors treated with 20 mg/kg CHM-1-P exhibited a 50% decrease in wet weight compared with control group (Fig. 5B). Moreover, TMZ also displayed potent tumor growth inhibition in our study (Fig. 5A, 5B). There were no significant differences between the control and CHM-1-P-treated groups with respect to the body weight of the mice after CHM-1-P treatment (Fig. 5C), suggesting no overt systemic toxicity.

3.8. CHM-1 inhibited the tumor growth in GBM8401 intracranial xenograft mice

We next studied whether CHM-1 treatment is also effective in the intracranial xenograft model. Compared with the normal animals, there was no significant alternation from tumors treated with CHM-1P; however, fractional tumor volume was significantly larger in control mice (data not shown).  Nude mouse survival was recorded after treatment, and, following the increasing dose, the survival days was prolonged (the median survival of 70 days for 20 mg/kg CHM-1P alone group versus 25 days for untreated control animals) (Fig. 6). The animals in all treatment groups appeared to be healthy. Taken together, these in vivo data supported the potent inhibitory activity of CHM-1 on GBM.
3.9. The toxicity of CHM-1 on GBM cells depends on the IGF-1R phosphorylation level
We found that the constitutive phosphorylation levels of IGF-1R were different in four GBM cell lines (Fig. 1B). Interestingly, the sensitivity of these GBM cell lines to CHM-1 was correlated with the IGF-1R phosphorylation states (compare Fig 1B and Table 1). We next compared the dependence of toxicity of CHM-1 on GBM cells on the IGF-1R phosphorylation level, we chose GBM8401 cells, the highest levels of phosphorylation, and GBM8901 cells with lower IGF-1R phosphorylation level to do the subcutaneous experiments. The GBM8901 tumor was less sensitive to CHM-1P treatment than GBM8401 tumors. The CHM-1P treated GBM8901 tumor size was similar to that of control which had the volume around 1,500 mm3 and the weight around 3 g at the 4th week (Fig. 7, A and B). These data confirmed the specificity of CHM-1 on IGF-1R as shown in previous in vitro cell culture experiments. 
4. Discussion
In the present study, we showed several evidences that CHM-1 performed specifically as an IGF-1R tyrosine kinase inhibitor and inhibited IGF1 signal pathway, which contributed antiproliferative activity in human GBM cells, particularly in GBM8401 cells. Initially, we screened several synthetic quinolone compounds for cytotoxic effect in GBM8401 cells. The data showed that CHM-1 had the lowest IC50 value. Afterward, when comparing its cytotoxicity on GBM8401 with other brain tumor cells, we found that CHM-1 led GBM8401 cells to severer cell death.
According to previous investigation of Girnita et al., quinolone derivative cyclolignans not only function as an antitubulin reagent, but also act as an inhibitor of IGF-1R [19]. Therefore, we examined whether CHM-1 could inhibit the phosphorylation of IGF-1R in GBM8401 cells. CHM-1 attenuated the level of IGF-1R phosphorylation but did not affect IGF-1R protein expression. To obtain additional specificity information, phosphorylation of IR, EGFR, PDGFR, and FGFR in GBM8401 treated with CHM-1 was detected by immunoprecipitation analysis. CHM-1 did not suppress the activation of p-IR, p-EGFR, p-PDGFR, and p-FGFR; therefore, CHM-1 was a specific IGF-1R kinase inhibitor. 
Consistent with others IGF-1R kinase inhibitors (PPP and NVP-AEW541) [19,34], treatment with CHM-1 resulted in down-regulated intracellular signaling cascades, including the Akt and MAPK pathways, in both IGF-1 unstimulated and stimulated GBM8401 cells. Moreover, our data showed that the phosphorylation of Akt downstream molecular, p70S6K and 4EBP1 was reduced as the treatment of CHM-1. The p70S6K which is a mitogen-activated serine/threonine kinase that has a critical role in control of cell cycle, growth and survival, regulating protein synthesis by activating 40S ribosomal protein S6, and 4EBP1, leading to initiation of cap-dependent translation, are activated by 3-phosphoinositide-dependent protein kinase 1 (PDK-1) and mTOR [37]. Previously, p70S6K has been reported to inactivate the pro-apoptotic molecule BAD by phosphorylation, thereby also promoting cell survival [38]. Hence, CHM-1 might lead to GBM8401 cell apoptosis by suppression of protein synthesis through the inhibition of Akt pathway.
Our results showed that CHM-1 did not repress insulin-stimulated IR phosphorylation, however, it reduced the IR-mediated activation of the Akt and ERK1/2 in these cells. Therefore, CHM-1 might inhibit other receptors or other upstream targets of Akt and ERK1/2. It has been reported that alternative splicing give rise to isoforms of IR, IR-A and IR-B, and IR isoforms can form hybrids with the IGF-1R [39,40]. However, cell proliferation and migration in response to insulin are more effectively stimulated in IR-A/IGF-1R hybrid-containing cells than in IR-B/IGF-1R hybrid-containing cells. Binding to IR-A/IGF-1R hybrid, insulin activates the IGF1 half-receptor β-subunit [41]. These earlier studies can explain why CHM-1 led to the inhibition of IR-mediated activation of the Akt and ERK1/2. Hybrid receptor might be overexpressed in GBM 8401 cells. CHM-1 could inhibit the IGF1 half-receptor phosphorylation that insulin stimulated and result in the down-regulated activity of Akt and ERK1/2. The expression of IR/IGF-1R hybrid in GBM8401 cells might potentially provide a new therapeutic target to some types of brain tumor as well.  
According to the molecular modeling study, structure of PQIP can be identified as two segments. One is ATP-superimposed scaffold and the other is CHM-1-superimposed scaffold (Fig. S5). Furthermore, CHM-1-binding site can be identified as a potential allosteric binding site which is individual and different from ATP-binding site. Thus, CHM-1 might inhibit auto-phosphorylation of activation loop through changing its conformation and without significantly interfering with ATP-binding. Therefore, this model can explain why the auto-phosphorylation inhibition by CHM-1 was observed.
To assess the in vivo antitumor efficacy of CHM-1, we used a mouse xenograft model. CHM-1 therapy was highly effective at inhibiting growth of this tumor model.  Survival of nude mice was significantly prolonged in CHM-1P-treated groups, relative to control group. Furthermore, at the most effective dose of CHM-1P (20 mg/kg), we did observe modest increase in insulin, but hyperglycemia was not observed (data not shown). On the other hand, no weight loss was observed in the group of mice treated in dose experiment.
In summary, the study showed that a small molecular compound, CHM-1, specifically inhibited IGF-1R-mediated proliferation and survival of GBM cells in vitro and in vivo. The results from GBM treated with CHM-1 provided potential opportunities for effective chemotherapy for the subtype of malignant brain tumors. Therefore, CHM-1 might highlight a more effective cancer treatment for future chemotherapy.   
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Figure Legends

Fig. 1. The growth-inhibitory of quinolone derivatives on GBM cells. (A) Structure of the nine quinolone derivatives, substituent and IC50 on GBM8401 cells were shown. GBM8401 cells were treated with different concentrations of nine selected quinolone derivatives for 24 h. The cell viability was then determined using the MTT assay. This experiment was repeated 3 times. (B) GBM8401, GBM8901, DBTRG-05MG, and G5T/VGH cells were harvested and lysed for the detection of p-IGF-1R, IGF-1R, and (-actin. The experiments were repeated three times with similar results.

Fig. 2. CHM-1 selectively inhibited IGF-1R phosphorylation in GBM8401 cells. (A) GBM8401 cells were treated with different concentrations of CHM-1 for 24 h. The cells were then harvested and lysed for the detection of p-IGF-1R, IGF-1R, and (-actin. (B) GBM8401 cells were treated with different concentrations of CHM-1 for 24 h. The cells were then harvested and lysed for the detection of p-IR, IR, and (-actin. GBM8401 cells were exposed to different concentrations of CHM-1 for 24 h, afterward; immunoprecipitation with (C) IGF-1R, (D) IR, (E) PDGFR, (F) EGFR, and (G) FGFR antibodies and then, analysis by Western blotting using a phosphotyrosine-specific antibody (PY99). Western blot data presented are representative of those obtained in at least 3 separate experiments.
Fig. 3. CHM-1 inhibited Akt and ERK1/2 pathways in GBM8401 cells. (A) GBM8401 cells treated with 0.5 (M CHM-1 for 12, 24, and 48 h. The cells were then harvested and lysed for the detection of p-Akt, Akt, p-ERK1/2, ERK1/2 and (-actin. (B) Akt downstream targets: phosphorylation of m-TOR, 4EBP1 and p70S6K and expression of cyclin D1 were also examined by Western blot analysis in GBM8401 cells under the same treatments. Western blot data presented are representative of those obtained in at least 3 separate experiments.
Fig. 4. CHM-1 inhibited IGF-1R phosphorylation in IGF-1-stimulated GBM8401 cells. Western blot analysis of GBM8401 cells treated with different concentrations of CHM-1 in the presence of (A) 100 ng/mL IGF or (B) 10 ng/mL insulin. p-IGF-1R, IGF-1R, p-AKT, AKT, p-ERK1/2 and ERK1/2 were detected. (-actin is loading control. Western blot data presented are representative of those obtained in at least 3 separate experiments.
Fig. 5. Antitumor activity of CHM-1 in mice bearing subcutaneous GBM tumors. (A) Mice bearing GBM8401 tumors were treated with vehicle (PBS), CHM-1P (5 mg/kg, 10 mg/kg, and 20 mg/kg) or Temozolomide (10 mg/kg) three times a week. The tumor volumes (mm3) were measured every week. (B) Tumor weights (g) at the fourth weeks were measured and the mean of each set were shown. (C) Mean of body weights (g) of each set at every week was shown. The bar represents the SE. Asterisks indicate that the values are significantly different from the control. (*, p < 0.05;**, p < 0.01).
Fig. 6. Survival analysis of orthotopic mice with CHM-1P treatment. Survival of GBM8401 xenograft mice treated with control, temozolomide (10 mg/kg) or CHM-1P (5, 10 and 20 mg/kg).
Fig. 7. In vivo antitumor activity test of CHM-1 in mice bearing subcutaneous GBM tumors with different IGF-1R phosphorylation level. (A) Mice bearing GBM8401 or GBM8901 tumors were treated with vehicle (PBS) or CHM-1P (20 mg/kg) three times a week. The tumor volumes (mm3) were measured every week. (B) Tumor weights (g) at the fourth week were measured and the mean of each set were shown. The bar represents the SE. Asterisks indicate that the values are significantly different from the control. (**, p < 0.01).
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