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Abstract

Antagonizing MDM2 and MDMX to activate the tumor suppressor protein p53 is an attractive 

therapeutic paradigm for the treatment of glioblastoma multiforme (GBM). However, challenges 

remain with respect to the poor ability of p53 activators to efficiently cross the blood–brain barrier 

and/or blood–brain tumor barrier and to specifically target tumor cells. To circumvent these 

problems, we developed a cyclic RGD peptide-conjugated poly(-ethylene glycol)-co-poly(lactic 

acid) polymeric micelle (RGD-M) that carried a stapled peptide antagonist of both MDM2 and 

MDMX (sPMI). The peptide-carrying micelle RGD-M/sPMI was prepared via film-hydration 

method with high encapsulation efficiency and loading capacity as well as ideal size distribution. 

Micelle encapsulation dramatically increased the solubility of sPMI, thus alleviating its serum 

sequestration. In vitro studies showed that RGD-M/sPMI efficiently inhibited the proliferation of 

glioma cells in the presence of serum by activating the p53 signaling pathway. Further, RGD-M/

sPMI exerted potent tumor growth inhibitory activity against human glioblastoma in nude mouse 

xenograft models. Importantly, the combination of RGD-M/sPMI and temozolomide — a standard 
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chemotherapy drug for GBM increased antitumor efficacy against glioblastoma in experimental 

animals. Our results validate a combination therapy using p53 activators with temozolomide as a 

more effective treatment for GBM.
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1. Introduction

Despite intensive therapy, glioblastoma multiforme (GBM) remains difficult to treat and of 

poor prognosis with a medium-term survival of approximately 14.6 months and a 5-year 

overall survival rate below 4% [1–3]. Considering various physiological barriers, surgery is 

still the main treatment option for glioma. However, complete surgical resection of glioma is 

almost impossible to achieve because of its extremely infiltrative nature, which always leads 

to recurrence [4]. On the other hand, chemo/radiation therapy is often of low efficiency due 

to the integrity of the blood–brain barrier (BBB) and blood–brain tumor barrier (BBTB) [5–

7]. New therapeutic paradigms are needed for improved GBM treatment.

The tumor suppressor protein p53 is a transcription factor that transactivates, in response to 

cellular stresses, the expression of various target genes that mediate cell cycle arrest, 

senescence, or apoptosis [8–10]. Dubbed the “guardian of the genome”, p53 is critical for 

maintaining genetic stability and preventing tumor development [11]. Not surprisingly, the 

p53 signaling pathway is impaired in almost all human tumors due to either debilitating 

mutations or functional inhibition by its negative regulators MDM2 and MDMX [12]. 

MDM2 and MDMX cooperate to block p53 transactivation activity and target p53 for 

degradation, and are often amplified or overexpressed in tumors harboring wild type p53 

[13]. Numerous reports have shown that antagonizing MDM2/MDMX to activate p53 can 

kill tumor cells in vitro and in vivo in a p53-dependent manner, promising a novel 

therapeutic approach to the treatment of many tumors with wild type (WT) p53 status and 

elevated levels of MDM2/MDMX [14–16].

Activation of p53 by MDM2/MDMX antagonists has been proven to be effective in treating 

glioma where approximately 70% of primary tumors harbor WT p53 [17–20]. Different 

structural classes of MDM2/MDMX antagonists have been reported, including low 

molecular weight compounds [14,21–23], small peptides [24–27], and miniature proteins 

[28–30], among others. Compared with small molecule drugs, peptide antagonists, in 

principle, can be more efficacious due to enhanced affinity and specificity for their protein 

targets, thus low toxicity. However, a major drawback of peptide antagonists is their poor 

druggability on account of their poor in vivo stability and low intracellular delivery 

efficiency.

Recently, stapled peptide technology was introduced to stabilize α-helical peptides via the 

addition of an all-hydrocarbon cross-link between two α-methyl-substituted amino acids 

using Grubbs ruthenium catalyst, which could increase their affinity, in vivo stability and 

cellular uptake [32–34]. Brown et al. recently reported the synthesis of a stapled peptide, 
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sPMI [34], based on a dual-specificity inhibitor of MDM2 and MDMX termed PMI 

discovered by Lu and colleagues [24]. sPMI potently antagonized both MDM2 and MDMX 

and activated p53 in vitro without apparent off-target cellular toxicity. However, several 

factors still limit the therapeutic efficacy of stapled PMI and its in vivo application, 

including (1) fast renal clearance due to its small size, (2) lack of tumor-targeting specificity, 

and (3) low solubility and potential absorption by serum proteins. Therefore we were 

inspired to design advanced peptide drug carriers to improve the therapeutic efficiency of 

sPMI by endowing it with the ability to specifically target tumor cells to activate p53 in 

glioma while minimizing its systemic doses and potential toxicity.

Therapeutic agents for malignant gliomas have been particularly inefficient for the existence 

of BBTB, which hampers the accumulation and uptake in tumors [35]. Moreover, even 

though BBB is compromised to some extent under the situation of malignant gliomas, it 

remains to be the obstacle influencing the therapeutic efficacies via systemic administration. 

Fortunately, there are many receptors over-expressed on the BBTB (tumor microvessels) 

and/or glioma cells, such as integrins, that can mediate RGD modified drug delivery systems 

targeting gliomas and enhance tumor uptake. We have previously developed a polymeric 

micelle modified with a cyclic RGD peptide (c(RGDyK)) for systemic delivery of 

hydrophobic drugs, such as paclitaxel [36–37]. The RGD peptide, which recognizes αvβ3 

and αvβ5 integrin overexpressed on glioma cells and neovasculature [38–39], enables the 

drug carrier to circumvent the BBTB and target the glioma [40]. Here we prepared a 

c(RGDyK)-conjugated poly(ethylene glycol)-block-poly(lactic acid) micelle carrying the 

sPMI peptide (RGD-M/sPMI), and demonstrated its anti-glioma effect through activation of 

the p53 pathway in vitro and in vivo. Importantly, the combination of the RGD-M/sPMI 

micelle and temozolomide (TMZ) increased antitumor efficacy against glioblastoma in 

experimental animals. Our results validate a combination therapy using p53 activators with 

standard TMZ chemotherapy as a more effective treatment for GBM.

2. Materials and methods

2.1. Materials

The olefinic amino acids Fmoc-S5-OH and Fmoc-R8-OH were supplied by OKeanos Tech 

Co. Ltd. (Beijing, China). Fmoc-protected α-amino acids (other than the olefinic amino 

acids Fmoc-S5-OH and Fmoc-R8-OH) were purchased from GL Biochem Ltd. (Shanghai, 

China). Rink amide MBHA resin was from Xi'an Innovision Bioscience Co., Ltd. O-

benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexafluorophosphate (HBTU) was 

purchased from American Bioanalytical Co. Ltd. (Natick, MA). Nutlin, 

diisopropylethylamine (DIEA) and Grubbs catalyst first-generation were supplied by Sigma-

Aldrich. MPEG2000–PLA2000 and mal–PEG3000–PLA2000 were obtained from Advanced 

Polymer Materials Inc., Canada. Temozolomide was purchased from Dalian Meilun Biology 

Technology Co. Ltd. DiR (1,1′-dioctadecyl-3,3,3′,3′-tetramethyl indotricarbocyanine 

iodide) was from Invitrogen, USA. Rabbit anti-p21 was purchased from Abcam, USA. 

Mouse anti-p53 was from CST. Rabbit anti-actin was from Bioworld Technology Inc. Mouse 

anti-MDM2 was supplied by Santa Cruz. DAPI was supplied by Roche, Switzerland. 

Integrin αvβ3 was supplied by R&D System, USA. Biacore series S sensor chips CM5 and 
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HBS-EP buffer were purchased from GE Healthcare Bio-Sciences AB (Sweden). Methanol, 

acetonitrile, and other HPLC grade reagents were obtained from Fisher Scientific, USA. All 

chemicals were analytic reagent grades.

U87MG glioblastoma cells were obtained from Shanghai Institute of Cell Biology. It was 

cultured in special Dulbecco's modified Eagle medium (Gibco) supplemented with 10% fetal 

bovine serum (FBS, Gibco) at 37 °C in a 5% CO2 humidified atmosphere.

Male BALB/c Nu/Nu mice 4–6 weeks of age were purchased from Shanghai Laboratory 

Animal Center, CAS (SLACCAS) (Shanghai, China) and kept under SPF conditions. All 

animal experiments were carried out in accordance with guidelines evaluated and approved 

by the ethics committee of Fudan University.

2.2. Synthesis and characterization of sPMI

2.2.1. Synthesis of sPMI—sPMI was synthesized via Fmoc chemistry with solid phase 

peptide synthesis protocol as described in detail in the supplementary materials. The 

sequence of sPMI is Ac-1Thr-2Ser-3Phe-cyclo(4-R8-5Glu-6Tyr-7Trp-8Ala-9Leu-10Leu-11S5)-

NH2. The addition of an all-hydrocarbon cross link across positions 4 and 11 by two α-

methyl-substituted amino acids using Grubbs ruthenium catalyst. Crude products were 

precipitated with cold ether and purified to homogeneity by preparative C18 reversed-phase 

HPLC. After purification, sPMI and linear PMI were labeled with fluorescein isothiocyanate 

via N-terminal amino of peptide in phosphate buffer (1:1.2 M ratio, pH 8.0) to yield sPMI-

FAM and PMI-FAM. The products were purified by C18 RP-HPLC and molecular masses 

were ascertained by electrospray ionization mass spectrometry (ESI-MS).

2.2.2. Characterization of sPMI—The solution conformational properties of sPMI and 

the linear peptide PMI were evaluated at 50 µM in 10% (v/v) TFE (2,2,2-trifluoroethanol) 

and 90% 10 mM phosphate buffer, pH 7.2. The spectra were collected on a 

spectropolarimeter (e.g., Jasco J-710) using standard measurement parameters (e.g., 
temperature, 20 °C; wavelength, 190–260 nm; step resolution, 0.5 nm; speed, 20 nm/s; 

accumulations, 10; response, 1 s; bandwidth, 1 nm; path length, 0.1 cm).

2.3. Cellular uptake of sPMI

Human glioblastoma cell line U87MG cells were seeded at 60,000 cells per well in four-well 

chambered cover-glass (In vitro Scientific) in normal medium [DMEM with 10% (vol/vol) 

FBS] and allowed to grow overnight. Cells were then incubated with 10 µM FAM-sPMI or 

FAM-PMI for 3 h in DMEM with 10% FBS. Cells were washed with Dulbecco's phosphate 

buffered saline, fixed with 4% (wt/vol) paraformaldehyde, finally incubated by DAPI to 

stain the cell nucleus. Imaged using an LSM 510 Zeiss Axiovert 200M (v4.0) confocal 

microscope. Images were analyzed using an LSM image browser.

2.4. Preparation and characterization of RGD-M/sPMI micelle

2.4.1. Preparation of RGD-M/sPMI micelle—An RGD-M micelle was synthesized as 

previously reported [36]. A mixture of c(RGDyK)–PEG3000–PLA2000 and mPEG2000–

PLA2000 was used for the preparation of micelles so that the RGD ligand could straighten 
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out, recognize and bind to integrins. In brief, the RGD-M micelle was prepared as follows: 

20 mg micelle materials (containing 1 mg c(RGDyK)–PEG3000–PLA2000 and 19 mg 

mPEG2000–PLA2000) and 1 mg sPMI were co-dissolved in 3 ml methanol, and rotary 

evaporated to form a thin film at 40 °C. The RGD-M/sPMI micelle was obtained by 

hydrating the thin film with physiological saline. The unloaded sPMI was removed by gel 

filtration over a Sephadex G-50 column with physiological saline.

2.4.2. Characterization of RGD-M/sPMI micelle—The RGD-M/sPMI micelle was 

analyzed by dynamic light scattering and TEM. To investigate the encapsulation efficiency 

(E.E.) and loading capacity (L.C.), different amounts of sPMI were co-dissolved with RGD-

M in the preparation process of micelles. The drug-loaded micelle was diluted by 

acetonitrile and the concentration of sPMI was measured via HPLC. E.E. was defined as the 

ratio between actual sPMI amount detected by HPLC and theoretic feeding sPMI amount. 

L.C. was defined as the ratio between sPMI loaded in MIE detected by HPLC and the 

weight of lyophilized micelle.

2.4.3. Surface plasmon resonance assay—SPR-based direct binding assays were 

carried out at 25 °C on a Biacore T200 instrument, using a CM5 sensor chip to which 

integrin αvβ3 is covalently attached. The RGD-PEG-PLA/sPMI micelle or RGD peptide 

was prepared in PBS buffer, pH 7.4, in a 2-fold serial dilution and was injected onto the 

integrin αvβ3-immobilized CM5 sensor chip at a flow rate of 20 µl/min for 2 min, followed 

by 4 min dissociation. Nonlinear regression analysis was performed using GraphPad Prism 

5.0 to give rise to KD values according to the equation RU = RUmax·C / (KD +C).

2.5. In vitro activity of RGD-M/sPMI micelle

2.5.1. Western blot analysis—Western blotting assay was performed to determine the 

protein expression level. U87MG cells (six-well plates, 2 × 105 cells per well) were treated 

with various drugs in normal medium [DMEM with 10% (vol/vol) FBS] for 24 h. Total 

cellular lysates were collected and then clarified by centrifugation. Protein concentrations 

were quantified using BSA kits. Equal amounts of proteins were subjected to Western 

blotting analysis using an NuPAGE electrophoresis system as described previously [41].

2.5.2. Anti-proliferation assay—U87MG cells were seeded to 96-well tissue culture 

plates in 200 µl of normal medium [DMEM with 10% (vol/vol) FBS] to obtain a 

concentration of 3 × 103 cells per well, and then the plates were incubated for 24 h at 37 °C 

in a 5% CO2 atmosphere. The medium in each well was refreshed with 200 µl normal 

medium containing the RGD-M/sPMI micelle with various sPMI concentrations or Nutlin at 

37 °C in a 5% CO2 atmosphere for 72 h. Experiments were repeated at least three times. The 

in vitro activity of sPMI was determined by the MTT assay (PowerWave XS, Bio-TEK, 

USA).

2.5.3. Annexin V assay—U87MG cells were seeded in 12-well tissue culture plates (1 × 

105 cells per well) in normal medium [DMEM with 10% (vol/vol) FBS] for 24 h before drug 

treatment and incubated with the drug for an additional 24 h. No treatment controls were 

established in parallel. Attached cells were trypsinized and collected, while culture medium 
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that may contain detached cells was also collected. Both parts of cells were combined and 

collected by centrifugation at 1000 rpm/min for 5 min. Annexin V positive cells were 

quantified using an Annexin V-FITC kit (Beyotime Institute of Biotechnology).

2.5.4. Cell-cycle analysis—For cell-cycle analysis, the procedure is similar with the 

Annexin V assay except that cells were fixed in 70% ethanol at 4 °C for 12 h after 

collection. Then cells were washed twice with PBS and propidium iodide staining solution 

and RNase A solution were added before analysis by flow cytometry.

2.6. Biodistribution test of RGD-M micelle

Male Balb/c nude mice 4–6 weeks of age were purchased from Shanghai Laboratory Animal 

Center, CAS (SLACCAS) (Shanghai, China) and kept under SPF conditions. All animal 

experiments were carried out in accordance with guidelines evaluated and approved by the 

ethics committee of Fudan University. The U87MG glioblastoma model was established by 

inoculation of 5 × 105 cells suspended in 5 µl PBS into mouse brain. To investigate the 

intracranial U87MG tumor xenograft targeting efficiency, DiR (Invitrogen, USA) was 

encapsulated in the RGD-M micelle. In brief, DiR was co-dissolved with the micelle 

materials in acetonitrile. After forming micelles, the free DiR was removed via the CL4B 

column. The intracranial U87MG tumor bearing mice 12 days after implantation were 

injected with 100 µl of the DiR encapsulated RGD-M micelle via the tail vein. After 2 h of 

injection, the fluorescent images were detected using an in-vivo image system, therefore 

tissues were harvested and imaged.

2.7. Anti-glioblastoma study of RGD-M/sPMI

2.7.1. Anti-glioblastoma study in subcutaneous tumor models—To evaluate the 

therapeutic efficiency of the RGD-M/sPMI micelle and in combination with TMZ on 

U87MG xenograft in vivo, we established two different brain tumor models based on sites of 

inoculation — subcutaneous and intracranial. The first subcutaneous animal models were 

established by inoculation of 4 × 106 U87MG cells (cells suspended in 100 µl PBS) into the 

subcutaneous tissue of the right shoulder blade of male Balb/c nude mice. After two weeks 

when the tumor volume was about 50–100 mm3, the treatment began. Forty eight mice were 

randomly assigned to six groups (n = 8) to receive 100 µl of saline, sPMI (10 mg/kg), RGD-

M/sPMI micelle (4 mg/kg and 10 mg/kg respectively), TMZ (50 mg/kg), and TMZ plus 

RGD-M/sPMI sPMI (50 mg/kg and 10 mg/kg) via the tail vein except TMZ by oral 

administration on the initial day and every 2 days until the 9th day. Tumor size was 

monitored via serial caliper (GuangLu®, China) measurement every 2 days and the volume 

was counted as length × (width)2 / 2. The serial measurements of tumor weight were 

followed when the animals were sacrificed.

2.7.2. Anti-glioblastoma study in intracranial tumor models—In the second animal 

models, U87MG cells (5 × 105 cells suspended in 5 µl PBS) were implanted into the right 

striatum (1.8 mm lateral, 0.6 mm anterior to the bregma and 3 mm of depth) of male Balb/c 

nude mice by using a stereotactic fixation device with a mouse adaptor. The mice were 

randomly divided into five groups (n = 10) and treated with 100 µl of saline, RGD-M/sPMI 

micelle (10 mg/kg), TMZ (50 mg/kg), TMZ plus RGD-M/sPMI (50 mg/kg and 10 mg/kg 
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respectively) and TMZ plus RGD-M/sPMI (10 mg/kg and 10 mg/kg respectively) via tail 

vein injection except TMZ by oral administration on the 10th, 12th, 14th, 16th and 18th day 

after implantation. The survival times were recorded.

2.8. Statistical analysis

The IC50 values were calculated by nonlinear regression analysis with the GraphPad Prism® 

5.0 version program. Differences between treatment groups in the subcutaneous anti-

glioblastoma effect were assessed using a two-way ANOVA analysis. Survival data were 

presented using Kaplan–Meier plots and were analyzed using a log-rank test. p < 0.05, p < 

0.01 and p < 0.001were considered significant respectively.

3. Results

3.1. Characterization of sPMI peptide

The sPMI peptide was synthesized via the Fmoc-protected solid phase peptide synthesis 

method. The crude sPMI peptide was analyzed and purified by HPLC. The purity and 

molecular mass were confirmed by HPLC and ESI-MS as shown in Fig. S1. The determined 

molecular mass of 1462.4 Da is within experimental error of the expected value of 1463.2 

Da calculated on the basis of the average isotopic composition of sPMI.

Binding studies using surface plasmon resonance techniques showed that compared with its 

unstapled parent peptide, sPMI exhibited no significantly decreased binding to MDM2 and 

MDMX (Fig. S2). The solution conformation of sPMI was determined by CD spectroscopy, 

and the spectra data revealed that sPMI adopted a largely α-helical conformation 

characterized by the double negative peaks at 208 and 222 nm and the single positive peak at 

195 nm, whereas the corresponding linear PMI peptide was weakly α-helical (Fig. 1A).

To investigate cellular uptake of sPMI, a fluorescent moiety (FAM), was introduced to the N 

terminus of the stapled peptide sequence. U87MG cells treated with either 10 µM FAM-

sPMI or FAM-PMI were imaged by a confocal microscope (Figs. 1B and S3). FAM-sPMI 

showed a diffused intracellular localization, confirming efficient cellular penetration of the 

FAM labeled sPMI peptide. It was evident that PMI demonstrated fast degradation and most 

intact peptides disappeared after 24 h of incubation with 50% rat serum. In conspicuous 

contrast, sPMI displayed nearly no degradation under the same condition (Fig. S4).

3.2. Characterization of RGD-M/sPMI micelle

The particle size of the RGD-M/sPMI micelle was 22.4 nm and the polydispersity index is 

0.099. Particle size distribution of a TEM image was shown in Fig. 2A. The drug 

encapsulation efficiency and loading capacity were 99% and 4.9% respectively. The particle 

sizes were not changed while encapsulating sPMI or DiR (Table 1 in supplementary 

material). The function of the c(RGDyK) peptide on the surface of a micelle binding to its 

target protein integrin αvβ3 receptor was evidenced by SPR assay. The modification of the 

c(RGDyK) peptide on the micelle's surface somehow increased its receptor binding affinity 

compared to that of peptide alone, yielding a KD value of 4.05 µM (Fig. 2B) for the RGD-M 

micelle while 45.4 µM for the c(RGDyK) peptide under the same condition (data not 
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shown). The in vitro release profile of RGD-M/sPMI in different media was studied and 

showed in Figs. S5 and S6. The release of RGD-M/sPMI in PBS 7.4 was lower than in PBS 

6.5, which indicated that RGD-M/sPMI released sPMI more quickly in the acidic 

environment. The lowest release that occurred in DMEM medium with 10% FBS, which 

simulated the extracellular environment in vivo, demonstrated that RGD-M/sPMI would be 

stable and would avoid drug release at the extracellular environment.

3.3. RGD-M/sPMI micelle activates p53 signaling and main cellular functions

3.3.1. Western blotting—When an antagonist targets the p53-binding domains of MDM2 

and MDMX, its negative regulators, should stabilize p53 and activate the pathway. P53 

pathway activation should happen in cells expressing WT p53. In the presence of serum, a 

dose-dependent increase of p53 protein levels in U87MG cells was examined by the 

treatment of the RGD-M/sPMI micelle. Accompanied elevation of the p53 transcriptional 

targets p21 and MDM2 were also detected as shown in Fig. 3A.

3.3.2. Anti-proliferation—The anti-proliferative effect of sPMI, RGD-M, RGD-M/sPMI 

and Nutlin-3 on U87MG cells was evaluated using the MTT method. As shown in Fig. 3B, 

RGD-M/sPMI showed a submicromolar anti-proliferation ability, even in the presence of 

serum, with IC50 of 10.7 µM closed to 7.6 µM for Nutlin-3, while control empty micelle 

showed no significant cytotoxity. However, the anti-U87MG cell activity of sPMI was 

dramatically decreased in the presence of serum, while showing significantly improved 

potency in the absence of serum (Fig. S7).

3.3.3. Cell-cycle arrest and apoptosis—The most important functions for p53 tumor 

suppressor protein are inductions of cell-cycle arrest and apoptosis. The RGD-M/sPMI 

micelle showed effective cell-cycle arrest in the G1 and G2 phases in U87MG cells as well 

as Nutlin-3, leading to depletion of the S phase (Fig. 4A). Next, we examined the Annexin V 

assay to quantify the apoptotic effect of the RGD-M/sPMI micelle (Fig. 4B). The apoptosis 

effect of sPMI and Nutlin-3 were similar in the U87MG cells. Encapsulation of sPMI by the 

micelle increased the apoptosis effect compared with sPMI alone, while control empty 

micelle showed no significant apoptosis effect.

3.4. Anti-glioblastoma activity of RGD-M/sPMI

3.4.1. RGD-M/sPMI micelle suppresses tumor growth—In the first subcutaneous 

animal model, the volumes of tumors were measured every other day. As shown in Fig. 5A, 

the tumor size in animals of the saline group increased by 8.3-fold on day 14 compared to 

tumor size at the start of treatment. sPMI at 10 mg/kg treatment was effective in slowing 

tumor growth (5.8-fold increase) compared with mock treatment. Remarkably, the RGD-M/

sPMI micelle at low and high doses both showed tumor inhibition (4.3-fold and 1.8-fold 

increase respectively). As the first-line chemotherapeutic agent for glioma, the TMZ 

treatment group showed dramatic tumor inhibition (0.3-fold increase). Furthermore, 

combination of RGD-M/sPMI (10 mg/kg) and TMZ (50 mg/kg) displayed a better tumor 

growth inhibitory effect during the same period (0.4-fold decrease). The tumor weight 

measurements after sacrifice confirm the tumor volume results (Fig. 5B). The p53 activation 

in subcutaneous glioma-bearing models was examined by immunohistochemistry after 
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sacrifice. As shown in Fig. S8, the expression of p53, p21 and MDM2 was examined to 

evaluate p53 activation efficiency. The group of glioma-bearing mice treated with RGD-M/

sPMI at 10 mg/kg showed more expression of p53, p21 and MDM2 compared with the 

saline, sPMI (10 mg/kg) and RGD-M/sPMI (4 mg/kg) groups, which are related with in 
vitro results.

3.4.2. RGD-M/sPMI micelle prolongs animal survival—In the second animal model, 

non-invasive NIR fluorescence imaging showed that much stronger fluorescence intensity of 

RGD-PEG-PLA was observed in the glioma site than that of PEG-PLA at 2 h following 

administration (Fig. S9A). This result was confirmed by imaging those brains collected from 

mice bearing an intracranial glioma 2 h post-injection (Fig. S9B). In fact, in our previous 

published study [37], we had confirmed that the 125I radiolabeled RGD-M micelle could 

target and accumulate in tumor sites, while these could be blocked by the non-radiolabeled 

RGD-M micelle, indicating the accumulation of RGD-M in the tumor mainly via receptor 

active targeting and a possible enhanced permeability and retention (EPR) effect.

The therapeutic efficiency was evaluated by measuring the survival time of 5 groups of mice 

bearing an intracranial U87MG glioma following the treatment respectively. As shown in 

Fig. 6, mice treated with the RGD-M/sPMI micelle survived significantly longer than the 

untreated mice. The medium survival time of untreated mice was 22 days, and prolonged to 

27.5 days upon RGD-M/sPMI micelle treatment (P < 0.05). The medium survival time of 

TMZ-treated mice at 50 mg/kg was significantly prolonged to 59 days. Of note, a 

combination of RGD-M/sPMI (10 mg/kg) and TMZ (50 mg/kg) dramatically prolonged the 

survival time to 70 days (p < 0.001). Interestingly, decreasing the dosage of TMZ to 10 

mg/kg while in combination with RGD-M/sPMI (10 mg/kg) prolonged the survival time to 

55.5 days which was similar to a high dosage of TMZ (50 mg/kg, 59 days). This result, 

along with the fact that the RGD-M/sPMI micelle alone only slightly prolonged the survival 

time, suggested the synergistic effect of a combination regimen, while prolonging the 

survival time or decreasing the dosage of TMZ.

4. Discussion and conclusion

Recent studies showed that stapled peptide antagonists of MDM2 and MDMX with high 

affinity and specificity could be developed as a novel class of therapeutic agents for the 

treatment of many tumors with WT p53 status though p53 activation [31–34]. These peptide 

sequences conserve an amphipathic α-helix with functional hydrophobic amino acids which 

are essential to dock side a hydrophobic cavity of the oncoprotein. Thus, the addition of a 

stapled cross-linked all hydrocarbon side-chain to amphipathic α-helical peptides extremely 

increases its hydrophobicity resulting in low solubility in physiological conditions. Indeed, 

the studies with sPMI were somehow limited by its solubility, as evidenced by peptide 

precipitation at 50 µM. In fact, CD analysis of sPMI could not be performed at physiological 

solution without the addition of TFE. In addition, anti-proliferation activity of sPMI was 

limited in the presence of fetal bovine serum as evidenced in Fig. S7. Besides, fast renal 

clearance due to its small size and lack of tumor-targeting specificity will limit therapeutic 

efficacy of stapled PMI. Of note, a biocompatible PEG-PLA micelle has been widely used 

as drug delivery systems for hydrophobic drugs. Compared with other materials, its main 
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advantages included the higher drug encapsulation efficiency and loading capacity as well as 

safety and non-toxicity, which has been approved by FDA for human use. Therefore, we 

chose PEG-PLA for the incorporation of a stapled peptide.

In the present work, we used a PEG-PLA micelle as an advanced peptide carrier that 

dramatically increased the solubility of sPMI, thus alleviating serum sequestration and 

effectively delivering to GBM in vivo. As expected, the RGD-M/sPMI micelle exerted 

potent p53-dependent anti-proliferation activity against U87MG cells in the presence of 10% 

FBS, while sPMI alone showed little activity. Cell-cycle arrest and apoptosis assay 

confirmed the restriction of activity by serum. With respect to GBM, the integrity of BBB 

and BBTB severely restricts p53 therapy. We took the advantage of the c(RGDyK) peptide 

with high affinity and specificity with integrin αvβ3 and αvβ5, which is widely 

overexpressed on brain tumor neovasculature and glioma cell membrane. In nude mouse 

xenograft models, the RGD-M/sPMI micelle suppressed tumor growth and prolonged 

animal survival. In vitro mechanistic studies suggest that the RGD-M/sPMI micelle inhibits 

tumor growth by activating the p53 pathway.

As the first-line chemotherapeutic agent for GBM since 1999, TMZ standard treatment has 

benefited numerous glioma patients. However, more and more reports have showed that the 

overall survival benefit from TMZ treatment is only moderate, in part because of glioma cell 

resistance to TMZ and tumor recurrence [42–43]. However, activation of p53was reported to 

sensitize the glioma to TMZ [44–45]. In the present work, the combination of the RGD-M/

sPMI micelle and TMZ increased antitumor efficacy against glioblastoma in experimental 

animals. Besides, as shown in Fig. S10, the H&E staining images of heart, liver, spleen, 

lung, and kidney revealed that all of the samples did not cause any damage in main organs, 

which suggested that all of the sPMI formulation had low toxicity. Overall, our results 

validate a combination therapy using p53 activators with TMZ standard treatment as a more 

effective treatment for GBM.

Although patients' compliance of TMZ is good, dose-dependent side-effects including severe 

myelosuppression had restricted its treatment dosage. Overdoses of TMZ treatment also 

could result in lymphocytopenia and increase risk of infection [46]. Our intracranial U87MG 

nude model experiments showed that combined administration of the RGD-M/sPMI micelle 

at 10 mg/kg with a low dose of TMZ at 10 mg/kg showed a medium survival time of 55.5 

days, which was similar with 59.5 days at high dose of TMZ at 50 mg/kg. Our work 

validated an additional advantage of combination therapy using p53 activators with TMZ 

standard treatment, which has the potential to lower the effective therapeutic dose of TMZ, 

resulting in reducing the side effects and improving glioma patients' compliance. Together 

above, this combination therapy regimen might be a more effective and safe therapy for 

GBM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
sPMI adopts an α-helical structure and traverses cell membranes. (A) Comparative CD 

spectroscopy of sPMI and parent PMI peptide in aqueous buffer, pH 7.0, illustrates their 

intrinsic α-helical properties. (B) FAM-labeled sPMI showed a diffused intracellular 

localization, demonstrating efficient cellular uptake.
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Fig. 2. 
Characterization of the RGD-PEG-PLA/sPMI micelle. (A) Size distribution of the RGD-

PEG-PLA/sPMI micelle was measured by TEM. (B) The RGD-PEG-PLA/sPMI micelle 

retains the binding ability to integrin α3βv via surface plasmon resonance.
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Fig. 3. 
RGD-M/sPMI micelle activates p53 signaling in U87MG cells. (A) RGD-M/sPMI micelle 

stabilizes p53 and elevates protein levels of p53 targets p21 and MDM2. U87MG cells were 

incubated with 1.25, 2.5, 5.0, or 10 µM RGD-M/sPMI or 10 µM Nutlin-3 for 24 h, and cell 

lysates were analyzed by Western blotting. (B) The viability of U87MG cells was 

determined after incubation with the RGD-M/sPMI micelle and expressed as a percentage of 

controls ± SEM.
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Fig. 4. 
RGD-M/sPMI micelle activates main p53 cellular functions in U87MG cells. (A) The RGD-

M/sPMI micelle arrests cell-cycle progression in U87MG cells. Exponentially growing 

U87MG cells were incubated with 10 µM of the RGD-M/sPMI micelle for 24 h, and cell 

cycle distribution was determined by PI labeling and cell-cycle analysis. Numbers indicate 

the percentage of S-phase cells. (B) Apoptotic response to 10 µM of Nutlin-3, sPMI, RGD-

M/sPMI and RGD-M micelle in U87MG cells for 24 h, and the percentage of apoptotic cells 

(mean ± SEM) were determined by the Annexin V assay.
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Fig. 5. 
RGD-M/sPMI micelle suppresses tumor growth in vivo of U87MG subcutaneous xenografts 

in nude mice. (A) Tumor volumes were callipered throughout the study, and data were 

plotted as mean ± SEM. (B) Tumor weights were measured after the mice were sacrificed. 

*p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6. 
RGD-M/sPMI micelle suppresses tumor growth in vivo of U87MG intracranial 

glioblastoma-implanted nude mice. Kaplan–Meier survival curves for intracranial 

glioblastoma-implanted nude mice treated with RGD-M/sPMI and TMZ.
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