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ABSTRACT: Glioblastoma is an aggressive and invasive brain malignancy with high mortality rates despite current treatment

modalities. In this study, we show that a 7-gene signature, previously found to govern the switch of glioblastomas from
dormancy to aggressive tumor growth, correlates with improved overall survival of patients with glioblastoma. Using
glioblastoma dormancy models, we validated the role of 2 genes from the signature, thrombospondin-1 (TSP-1) and
epidermal growth factor receptor (EGFR), as regulators of glioblastoma dormancy and explored their therapeutic potential.
EGFR up-regulation was reversed using EGFR small interfering RNA polyplex, antibody, or small-molecule inhibitor. The
diminished function of TSP-1 was augmented via a peptidomimetic. The combination of EGFR inhibition and TSP-1
restoration led to enhanced therapeutic efficacy in vitro, in 3-dimensional patient-derived spheroids, and in a subcutaneous
human glioblastoma model in vivo. Systemic administration of the combination therapy to mice bearing intracranial
murine glioblastoma resulted in marginal therapeutic outcomes, probably due to brain delivery challenges, p53 mutation
status, and the aggressive nature of the selected cell line. Nevertheless, this study provides a proof of concept for exploiting
regulators of tumor dormancy for glioblastoma therapy. This therapeutic strategy can be exploited for future investigations
using a variety of therapeutic entities that manipulate the expression of dormancy-associated genes in glioblastoma as well
as in other cancer types.—Tiram, G., Ferber, S., Ofek, P., Eldar-Boock, A., Ben-Shushan, D., Yeini, E., Krivitsky, A., Blatt, R.,
Almog, N., Henkin, J., Amsalem, O., Yavin, E., Cohen, G., Lazarovici, P., Lee, J. S., Ruppin, E., Milyavsky, M., Grossman, R.,
Ram, Z., Calderón, M., Haag, R., Satchi-Fainaro, R. Reverting the molecular fingerprint of tumor dormancy as a therapeutic
strategy for glioblastoma. FASEB J. 32, 5835–5850 (2018). www.fasebj.org
KEY WORDS:

angiogenic switch

•

TSP-1 peptidomimetic

•

EGFR inhibitiors

•

nanomedicine

•

polyglycerol-

amine
Glioblastoma is a highly malignant primary brain tumor that generally arises from star-shaped glial cells (astrocytes) (1). Due to glioblastoma’s infiltrative nature,
ABBREVIATIONS: BBB, blood-brain barrier; dPG-NH2, dendritic polyglycerol-

amine nanocarrier; EGF-NIR, epidermal growth factor near-infrared; EGFR,
epidermal growth factor receptor; hCMEC, human cerebral microvascular
endothelial cell; hGB, human glioblastoma; IDCC, indodicarbocyanine; IDH,
isocitrate dehydrogenase; MW, molecular weight; PM, peptidomimetic;
siRNA, small interfering RNA; siNC, negative control siRNA; TCGA, The
Cancer Genome Atlas; TSP-1, thrombospondin-1
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conventional surgery cannot eliminate tumor cells, leading to the recurrence of nearly all tumors (2). Radiotherapy, normally performed after tumor resection, may also
contribute to tumor recurrence because irradiation has
been shown to enhance angiogenesis and cell motility of
glioblastoma cells (3). It is therefore suggested that the
postoperative tumor microenvironment set by the residual
disease can influence patient outcome as a long-term or
short-term survivor. Residual tumor cells contribute to the
occurrence of relapse and constitute fundamental clinical manifestations of tumor dormancy, which is a state
of prolonged latency of microscopic tumors (4). We
postulated that the presence of residual dormant tumor
cells is one of the determinants of long-term survival of
patients with glioblastoma and that targeting relevant
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molecular pathways involved in tumor dormancy has
enormous potential as the next-generation treatment of
glioblastoma.
We have previously generated models of human glioblastoma dormancy, which include pairs of cell lines that
generate either dormant or fast-growing glioblastoma,
with each pair originating from a common parental cell
line. T98G parental cells generate microscopic avascular
tumors that escape from dormancy 8 mo after their inoculation into mice. Cells isolated from these escaped tumors maintain their fast-growing phenotype and develop
large tumors within 2–3 mo (5). A genome-wide analysis of
T98G pair of cells, along with 3 other pairs of dormant and
fast-growing tumor-generating cells (human breast adenocarcinoma, osteosarcoma, and liposarcoma), was used
to establish a tumor dormancy consensus gene expression signature. The analysis showed that the transition of
tumors from a dormant avascular phenotype to a fastgrowing angiogenic phenotype depends upon an angiogenic switch. Using 7 genes from this signature, including 3
tumor growth– and 4 tumor dormancy–associated genes,
we identified and isolated a dormant tumor-generating
subclone of the aggressive U-87 MG human glioblastoma
cell line (6). In all these models, dormant tumors express
significantly higher levels of the angiogenesis inhibitor
thrombospondin-1 (TSP-1) and significantly lower levels of
epidermal growth factor receptor (EGFR) as compared
with the fast-growing and angiogenic tumors (5, 6).
Amplification or overexpression of EGFR are vital
events in glioblastoma development (7) because EGFR is
amplified in 40–50% of primary glioblastomas. The small
fraction (3–5%) of patients with glioblastoma who survive
longer than 3 yr (i.e., long-term survivors) were found to
express several molecular markers including EGFR infrequent amplification (8). Therefore, EGFR represents an
attractive target in glioblastoma. In contrast to EGFR
down-regulation of TSP-1 parallels high-grade progression of glioblastoma (9) and is observed in several other
human cancers, such as melanoma, lung cancer, and
breast cancer (10). TSP-1 is a matrix glycoprotein mainly
involved in inhibition of angiogenesis and activation of
latent TGF-b (11). TSP-1 inhibits endothelial cell adhesion, proliferation, and migration in response to angiogenic stimuli (12). It is expressed by several cell types,
including platelets, endothelial cells, fibroblasts, glial cells,
and tumor cells (11, 13). Excessive angiogenesis is a hallmark of glioblastoma; thus, TSP-1 up-regulation represents a promising potential therapeutic strategy.
In this work, we assessed the therapeutic potential of
TSP-1 up-regulation and EGFR down-regulation as a novel
combination therapy based on the molecular fingerprint of
dormant glioblastomas. EGFR inhibition was achieved using 3 different therapeutic approaches: small interfering
RNA (siRNA) targeting EGFR (siEGFR), a chimeric mAb
against EGFR (cetuximab), and a tyrosine kinase inhibitor
of EGFR (erlotinib). EGFR-targeted siRNA was delivered
using a dendritic polyglycerol-amine nanocarrier (dPGNH2). This cationic polymer forms an electrostatic complex
with the negatively charged siRNA and facilitates a safe
systemic delivery, efficient cellular internalization, and target silencing by the siRNA (14, 15). TSP-1 function was
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introduced using ABT-898, a TSP-1 mimetic peptide [TSP-1
peptidomimetic (PM)] (16). It is a nontoxic, highly potent
octapeptide that induces antiangiogenic activity by binding
to CD36 receptor on endothelial cells (17, 18). It was developed as a second generation of ABT-510, a TSP-1 mimetic nonapeptide that failed in clinical trials due to its
extremely short half-life (19, 20). ABT-898 demonstrated an
improved pharmacokinetic profile and thus far has shown
promising results in the treatment of epithelial ovarian
cancer in mice (16) and soft-tissue sarcoma in dogs (21). We
have recently demonstrated that TSP-1 PM significantly
reduces the angiogenic potential of glioblastoma cells and
leads to vessel stabilization of established glioblastoma xenografts (22). We further reported that combination of TSP1 PM and paclitaxel conjugated to P-selectin–targeted
dendritic polyglycerol sulfate resulted in a remarkable
therapeutic outcome in U-87 MG and GL261 glioblastoma
in vivo. Therefore, we hypothesized that combining TSP-1
PM with EGFR inhibitors might improve the therapeutic
benefit for glioblastoma. Furthermore, it lays the foundation
for modulating the remaining 5 deregulated genes from
the dormancy signature. We show here that these reciprocal signaling alterations revert the angiogenic/oncogenic
switch of established glioblastomas and lead to prolonged
tumor growth inhibition. This study illustrates the promise
of exploiting gene signatures distinguishing dormant vs.
fast-growing tumors for the development of new therapeutic tools for glioblastoma and offers a novel combination
strategy aimed at blocking glioblastoma progression.
MATERIALS AND METHODS
Survival analysis based on The Cancer Genome
Atlas data
We downloaded data from patients with glioblastoma from The
Cancer Genome Atlas (TCGA; U.S. Natiional Institutes of Health,
Bethesda, MD, USA; https://cancergenome.nih.gov), which covers
153 patient samples that have available information of gene expression and clinical data. We first defined a dormancy score based
on the mRNA expression data of the 7 dormancy signature genes
in the following manner. 1) Each gene was marked to be active
(inactive) if its expression level is below 40% (.60%) of its expression across the glioblastoma samples (we excluded the middle
20% of samples to eliminate noise). 2) In each sample, we assigned
the dormancy score by counting the number of active genes
among AMOT, THBS1, insulin-like growth factor binding protein
5 (IGFBP5), and TGFb2 and the number of inactive genes among
endothelial cell specific molecule 1 (ESM1), NT5E, and EGFR.
We then performed Kaplan-Meier analysis to determine if the
dormancy score is associated with patient survival. We compared the survival of the top 25% and bottom 25% of the patients
using the log-rank test (n = 44). We controlled for potential confounding factors such as age, sex, race, tumor stage, isocitrate
dehydrogenase (IDH) mutation status, and genomic instability
(23) using the Cox proportional hazard model (Eq. 1):

hs ðt; patientÞ ; h0s ðtÞ exp bD D þ bIDH IDH

(1)
þ bage age þ bGII GII
where s is an indicator variable over all possible combinations
of patient stratifications based on race, sex, and tumor stage; hs
is the hazard function (defined as the risk of death of patients
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per time unit); and h0s(t) is the baseline-hazard function at
time t of the sth stratification. The model contains 4 covariates:
D, an indicator variable denoting whether a sample belongs to
the high-dormancy group or the low-dormancy group; IDH,
an indicator variable denoting whether a sample has the IDH
mutation; age, which refers to the age of the patient; and GII, a
genomic instability index. GII measures the relative amplification or deletion of genes in a tumor based on the SCNA.
With si being the absolute of log ratio of SCNA of gene i in a
sample relative to normal control, GII of the sample is given as
in Bilal et al. (23) (Eq. 2):
N

GII ¼ 1=N+1 Iðsi . 1Þ

Dallas, TX, USA), or HSC70 (Thermo Fisher Scientific) antibodies.
Antibodies were detected with peroxidase-labeled rabbit antimouse IgG or goat anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) and visualized by Pierce
ECL-Plus Detection Kit (Thermo Fisher Scientific).
Immunohistochemistry
Formalin-fixed, paraffin-embedded tissue sections (5 mm) were
stained with primary mouse anti–TSP-1 (Abcam) or rabbit antiEGFR (Santa Cruz Biotechnology) as previously described (22).

(2)

The b values are the regression coefficient parameters of the
covariates, which quantify the effect of covariates on the survival.
All covariates are normalized to N(0,1). The b values are determined by standard likelihood maximization of the model (24).
Cell culture
U-87 MG, T98G, and U251 human glioblastoma cell lines were
obtained from the American Type Culture Collection (Manassas,
VA, USA). GL261 murine glioblastoma cells were obtained from
the National Cancer Institute (Frederick, MD, USA). HUVECs
were purchased from Lonza (Basel, Switzerland). Human astrocytes were purchased from ScienCell (Carlsbad, CA, USA).
Human cerebral microvascular endothelial cells (hCMECs; line
hCMEC/D3) were purchased from Merck (Darmstadt, Germany). Cells were cultured as previously described (5, 6, 22).
Human glioblastoma specimens
Fresh frozen glioblastoma samples were obtained from Tel Aviv
Sourasky Medical Center (Tel-Aviv, Israel) with the approval of
the Institutional Review Board and in compliance with all legal
and ethical considerations for human subject research. A total of
60 samples were collected: 36 samples of patients with short-term
survival (69% men; 65 6 2 yr; survival, 3.7 6 0.2 mo) and 24
samples of patients with long-term survival (58% men; 56 6 3 yr;
survival, 48 6 3.9 mo).
Additional fresh human glioblastoma tissues were obtained
during surgical resection, kept in cold PBS, and processed within
40 min to isolate tumor cells and generate cell monolayers as
previously described (22).

VEGF expression in hCMEC/D3 cells after treatment
with TSP-1 inhibitor
Transwell inserts (0.4 mm) were seeded with U-87-D (1 3 105) or
T98G-D (2 3 105) cells and transferred to a 6-well plate preseeded
with hCMEC/D3 cells (2 3 105 cells/well) for cocultivation. Five
micromolars of TSP-1 inhibitor [LSKL-NH2, molecular weight
(MW), 458.6 Da] (26, 27) was then added to the lower chamber.
Seventy-two hours later, RNA was extracted from hCMEC/D3
cells, and VEGF expression was evaluated using quantitative PCR.
Expression of p53-responsive genes
after irradiation
U-87 MG and T98G cells generating dormant or fast-growing
tumors were exposed to 10 Gy of ionizing radiation using a
[137Cs] source at the dose rate 3 Gy/min using a GMBH BioBeam
8000 g irradiation device (Gamma Service, Surrey, United
Kingdom). Untreated or irradiated cells were analyzed for
changes in the expression of TSP-1 and p21 by real-time PCR.
Flow cytometry
Cells were incubated with Brilliant Violet 421–conjugated antihuman EGFR antibody (clone AY13; BioLegend, San Diego, CA,
USA) for 2 h. Cells were then washed, and fluorescent intensity
was analyzed using FACSCalibur (Becton Dickinson, Franklin
Lakes, NJ, USA).
Dendritic polyglycerol-amine dendrimer

Total RNA was isolated from endothelial cells, glioblastoma cells,
or fresh frozen human glioblastoma specimens and transcribed
into cDNA as previously described (25). EGFR, TSP-1, VEGF and
p21 mRNA levels were assessed by SYBR green real-time PCR
(StepOne plus; Thermo Fisher Scientific, Waltham, MA, USA)
using the following custom quantitative real-time PCR primers:
EGFR: forward, 59-GCCTCCAGAGGATGTTCAATAA-39, reverse, 59-TGAGGGCAATGAGGACATAAC-39; TSP-1: forward,
59-TGGAACAGGAAGAAGCGTAAA-39, reverse, 59-TTCCAGGCAGAACAGAGTTAAT-39; VEGF: forward, 59-TGGTGTCTTCACTGGATGTATTT-39, reverse, 59-AGTCTCTCATCTCCTCCTCTTC-39; p21: forward, 59-CGCGACTGTGATGCGCTAATG-39, reverse 59-GGAACCTCTCATTCAACCGCC-39.

Dendritic polyglycerol with average MW of 14.5 kDa (polydispersity index, 1.8) was prepared following literature procedures (28, 29). Synthesis of dPG-NH2 analogs was performed
according to a 3-step protocol as previously reported (30). The
indodicarbocyanine (IDCC) dye derivatized with a maleimido
group was obtained from Epiios Therapeutics GmbH (Berlin,
Germany) and used to fluorescently label the dPG-NH2 following reported methodologies (31). The optimal ratio for neutralizing the negative charge of siRNA by polyplex formation was
evaluated by electromobility shift assay (EMSA) as previously
described (14). Measurements of mean hydrodynamic diameter
and z-potential of dPG-NH2–siEGFR were performed using a
ZetaSizer Nano ZS instrument with an integrated 4 mW He-Ne
laser (l = 633 nm; Malvern Instruments Ltd., Malvern, Worcestershire, United Kingdom) as previously described (25). The diameter of the polyplexes was further validated by scanning
electron microscopy as previously described (25).

Immunoblotting

EGFR siRNA synthesis

Membranes were probed with anti-TSP-1 (ab1823; Abcam,
Cambridge, MA, USA), EGFR (sc-03; Santa Cruz Biotechnology,

All syntheses were carried out on the AKTA Oligopilot 10 synthesizer (GE Healthcare, Waukesha, WI, USA) as previously

Real-time quantitative PCR
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described (32). An active “in-house” anti-EGFR siRNA was synthetized in our lab [denoted as F1-R2-siRNA; 21 bp; MW, 13,451
Da; e260 = 335827: (sense) 59-CCAUAAAUGCUACGAAUAUtt39, (antisense) 59-AUAUUCGUAGCAUUUAUGGtt-39; chemical
modifications: underlined indicate 29 O-methyl RNA; lower case
letters indicate DNA]. Another anti-EGFR siRNA, EGFR-siRNA
[21 bp, MW: 13,400 Da, (sense) 59-CCAUAAAUGCUACGAAUAUtt-39, (antisense) 59-AUAUUCGUAGCAUUUAUGGag-39]
was purchased from Thermo Fisher Scientific. Chemical modifications consist of several locked nucleic acid modifications that
were not revealed by Thermo Fisher Scientific. Lowercase letters
indicate DNA base.

Tumor spheroids
Multicellular tumor spheroids were prepared from human astrocytes, mCherry-labeled patient-derived glioblastoma cells,
and GFP-labeled HUVECs or hCMEC/D3 cells (80,000 cells/ml;
1:1:2 ratio) using the hanging-drop method as previously described (22). Spheroids were then embedded in matrigel, seeded
in a 96-well plate, and treated with erlotinib (100 mM), cetuximab
(100 mM), or TSP-1 PM (1 ng/ml). Three-dimensional spheroid
invasion was visualized after 72 h using EVOS FL Auto cell imaging system (Thermo Fisher Scientific).
In vitro vascular permeability assay

Confocal microscopy
U-87 MG cells were plated on 13 mm cover glass (1 3 10 cells/
cover glass). Twenty-four hours later, cells were added with
IDCC-labeled dPG-NH2 complexed with Cy3-labeled siRNA. At
each time point, cells were fixed and incubated with anti-EEA1
(BD Biosciences, San Jose, CA, USA) or anti-LAMP1 (Cell Signaling Technology, Danvers, MA, USA) antibody followed by
FITC-labeled secondary antibody (The Jackson Laboratory, Bar
Harbor, ME, USA). Confocal images were obtained as previously
described.
5

hCMEC/D3 cells (2 3 105) were seeded on the upper chamber of
3 mm 24-well transwell inserts precoated with collagen type I rat
tail (1:20; Merck). Cells were allowed to form a monolayer for 24 h
and then treated with 100 mM erlotinib, 100 nM TSP-1 PM, or
their combination followed by concomitant addition of dextranFITC (70 kDa, 1 mg/ml). One hour later, permeability was
induced by adding conditioned medium of human patient–
derived glioblastoma (hGB)1 cells to the lower chamber.
Dextran-FITC diffusion through the endothelial monolayer was
monitored by reading FITC fluorescence intensity in the lower
chamber at several time points using a SpectraMax M5e multidetection reader (Molecular Devices, Sunnyvale, CA, USA).

Epidermal growth factor near-infrared fluorescent
probe binding assay
Transendothelial migration assay
U-87 MG cells were plated in 12-well tissue culture plates
(150,000 cells/well) 2 d before the experiments to generate a
homogenous cell monolayer. Thereafter, the culture medium
was replaced with fresh medium containing 7 nM epidermal
growth factor near-infrared (EGF-NIR) fluorescent probe binding assay (15 min, 37°C) to measure total binding. At the end of
the experiment, the cultures were washed 3 times with 1 ml PBS,
and cell-associated NIR intensity was estimated. To evaluate the
nonspecific binding, cells were incubated with the same concentration of EGF-NIR in the presence of excess of 100 nM EGF.
To evaluate siEGFR activity, cells were plated and allowed to
grow for 24 h, treated with 5 nM siEGFR for an additional 48 h,
and incubated with the EGF-NIR. The results are presented as the
mean 6 SD of at least 3 independent experiments (n = 9). The NIR
imaging was estimated using Odyssey Infrared Imager under
the following conditions: resolution, 170–340 mm; pixel area,
0.03 mm2 (;15–20 cells); quality, medium-low; focus offset, 1–3;
channels, 800 nm; intensity, 1–3.
Cell proliferation assays
U-87 MG (10,000 cells/well), T98G (20,000 cells/well), GL261
(5000 cells/well), U251 (10,000 cells/well), and patient-derived
human glioblastoma cell lines (20,000 cells/well) were plated
onto 24-well culture plates and incubated for 24 h. Cells were then
treated with dPG-NH2–siEGFR, dPG-NH2–siGFP (siGFP as
negative control for siRNA (siNC); 200 nM siRNA; 400 nM dPGNH2), or erlotinib (100 mM) for 72 h or with cetuximab (100 mM)
for 120 h. Cell proliferation was assessed by Coulter Counter
(Beckman Coulter, Brea, CA, USA).
For coculture experiments, mCherry-labeled U-87 MG (5000
cells/well) and HUVECs (10,000 cells/well) were plated together
onto 24-well plates. Cells were then treated with TSP-1 PM
(100 ng/ml), dPG-NH2–siEGFR (200 nM siRNA; 400 nM dPGNH2), or their combination for 72 h. Total red object area (square
micrometers per well) of U-87 MG-mCherry cells was evaluated
using IncuCyte live-cell analysis system (Essen BioScience, Ann
Arbor, MI, USA).
5838

Vol. 32

November 2018

hCMEC/D3 cells (5 3 105) were seeded in the upper chamber of
8 mm, 24-well transwell inserts precoated with collagen type I rat
tail (1:20). After incubation for 24 h, the hCMEC/D3 monolayer
was washed, and mCherry-labeled hGB1 cells (1 3 105) were
added to the upper chamber. After incubation for 1 h, cells were
treated with 100 mM cetuximab, 100 nM TSP-1 PM, or their
combination, and DMEM supplemented with 10% FBS was
added to lower chamber. Cells were allowed to migrate to the
lower compartment for 24 h and then fixed using 3.7% formaldehyde. The fluorescence of migrated cells was imaged using the
EVOS FL Auto cell imaging system. The fluorescence signal was
measured using ImageJ software (U.S. National Institutes of
Health, Bethesda, MD, USA).
Animal studies
All animal procedures were performed in compliance with Tel
Aviv University and approved by the Institutional Animal Care
and Use Committee. U-87-F cells (1 3 106) were injected subcutaneously into the flank of 6-wk-old male SCID mice
(Envigo CRS, Ness-Ziona, Israel). Tumor volume was measured by caliper using the standard formula (length 3 width2 3
0.52). Once 50 mm3 tumors were formed, mice were injected
intratumorally with PBS, dPG-NH2–siEGFR, or dPG-NH2–
siNC (2 mg/kg siRNA; 4 mg/kg dPG-NH2) on d 0, 3, 7, 9,
and 12. TSP-1 PM or 5% dextrose were administered daily
(50 mg/kg/d), half by intraperitoneal injection and half by
subcutaneous Alzet osmotic pump (model 2002; Durect
Corp., Cupertino, CA, USA) with a sustained release rate of
0.5 ml/h for 12 d. Animals were monitored for general health,
body weight, and tumor growth twice a week.
mCherry-labeled GL261 cells (2 3 105) were stereotactically
implanted into the striatum of 6- to 8-wk-old C57BL mice (Envigo
CRS). Eight days after inoculation, when tumors were visualized
by the intravital fluorescence imaging system (CRI Maestro,
Cambridge Research & Instrumentation, Hopkinton, MA, USA),
mice were administered TSP-1 PM (50 mg/kg daily, i.p.) erlotinib
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(50 mg/kg daily, i.p.) or their combination for 12 d. Erlotinib was
dissolved in DMSO and then diluted to 50 mg/kg using saline
with 0.15% w/v Pluronic F-127 (MilliporeSigma, St. Louis, MO,
USA). Mice were euthanized when they became moribund or
when they lost more than 20% of their body weight in 1 wk.
Statistical analysis
Data are expressed as mean 6 SD for in vitro assays or as mean 6
SEM for in vivo assays. Statistical analysis for 2 sets of data was
performed using an unpaired Student’s t test. Statistical significance of differences in overall survival of patients with high and
low dormancy score was determined using the log-rank test. The
effect of various confounders on patients’ survival was analyzed
using the Cox proportional hazard model. Significance was defined as P , 0.05.

RESULTS
Gene signature of dormant glioblastoma
correlates with improved patient outcome
Our earlier work showed that the dormancy gene signature associated with transition of tumors from a dormant
state into exponential tumor growth (5) can be harnessed
for the prospective identification of dormant tumor–
generating clones of U-87 MG glioblastoma cells (Fig. 1A)
(6). We therefore hypothesized that differential expression
of dormancy-associated signature genes can be linked to
changes in patient survival rates. Hence, we evaluated
data from TCGA to compare whether the survival of patients with glioblastoma with high levels of angiomotin,
IGFBP5, TGFb2 and TSP-1 and low levels of CD73 ESM-1,
and EGFR (i.e., high dormancy score; Fig. 1A) differs from
that of patients with a low dormancy score. Data obtained
from 153 patients with glioblastoma indicated that patients with a high dormancy score showed better prognosis than patients with a low dormancy score (log rank
P , 4.92E-2; DAUC, 0.16) (Fig. 1B). This trend was maintained after controlling for patient age, sex, race, tumor
stage, and genomic instability. Next, we evaluated

whether distinct molecular features, such as IDH mutations (IDH1/2), which are known to be associated with
long-term survival of patients with glioblastoma (33),
affected the results. Therefore, we returned to the TCGA
data that were used to generate the Kaplan-Meier curve.
Out of 153 TCGA glioblastoma samples, 145 samples were
primary tumors (IDH-WT), and only 8 samples were secondary tumors (IDH1 mutant). None of the samples
carried the IDH2 mutation (i.e., primary glioblastoma
accounts for the majority of the cohort). After controlling
for IDH1 and other confounders, the dormancy score was
still significantly associated with patient survival (Cox
hazard ratio, 4.34; P , 4.71E-2) (23). It should be noted that
we are claiming that the whole signature is important and
not individual genes. We considered TSP-1 in the specific
context of EGFR. Moreover, using the same TCGA glioblastoma cohort, we performed Cox regression with the
individual genes to determine if they are significantly associated with patient survival. We observed that none
of the 7 genes was associated with patient survival by its
own expression. Based on these data, we evaluated the
therapeutic potential of dormancy signature genes by
inhibiting the expression of genes down-regulated in dormant tumors and restoring the expression of genes upregulated in dormant tumors. A literature and clinical
trials data search revealed that, among the genes downregulated in dormant tumors, only EGFR has commercial clinically approved inhibitors (small-molecule
tyrosine kinase inhibitors such as gefitinib and erlotinib
and mAb such as cetuximab) (34). A phase 1 clinical trial
for MEDI9447, a mAb against CD73, is currently recruiting patients with solid tumors (https://clinicaltrials.gov/ct2/
show/NCT02503774?term=cd73&rank=6). In the other set of
genes that were up-regulated in dormant tumors, only
TSP-1 and TGF-b2 were evaluated in clinical trials for
cancer therapy. However, although TSP-1 was evaluated
for its anticancer potential using TSP-1 mimetic peptides,
the effect of TGF-b2 suppression on cancer was evaluated using various inhibitors (35) because TGF-b2 is
known to have a dual role in cancer (36). Therefore, we

Figure 1. Prolonged survival of patients with glioblastoma with tumors expressing the 7 dormancy signature genes. A) Illustration
of the 7 genes previously found to be differentially expressed in dormant vs. fast-growing glioblastomas. Adapted from Almog
et al. (5) and Satchi-Fainaro et al. (6). B) Kaplan-Meier curves representing the survival of patients with glioblastoma from TCGA
after combining the expression levels of the 7 dormancy signature genes.
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chose to focus on 2 genes from the signature: TSP-1, which
is up-regulated in dormant tumors, and EGFR which is
down-regulated in dormant tumors.
The potent angiogenesis inhibitor TSP-1 is
up-regulated in cells generating
dormant glioblastomas
We validated the differential expression of dormancy
signature genes in our 2 pairs of dormant avascular (U-87D, T98G-D) and fast-growing angiogenic (U-87-F, T98G-F)
cell lines (5, 6). Quantitative PCR and Western blot
analysis further confirmed that both the mRNA and
protein levels of TSP-1 were up-regulated in cells generating dormant glioblastomas compared with cells
generating fast-growing glioblastomas (Fig. 2A, B).
TSP-1 differential expression was further validated in
vivo by immunohistochemistry staining of U-87-D and
U-87-F tumors (Fig. 2C).
TSP-1 expression level was previously shown to be affected by p53 mutation status (37). To experimentally
validate p53 status in the original U-87-F and T98G-D cell

lines that were purchased from the American Type Culture
Collection and evaluate its status in the counterparts that
we generated, we undertook a functional approach. To test
p53 functionality, we exposed both pairs of U-87 MG and
T98G cells generating dormant or fast-growing tumors to a
DNA-damaging treatment known to activate p53 [e.g.,
ionizing radiation (10 Gy)]. Untreated or irradiated cells
were then analyzed for changes in the expression of the p53
target genes, TSP-1 and p21 by real-time PCR. As expected,
TSP-1 and p21 expression levels significantly increased in
the irradiated U-87 MG (p53 wild type) pair of cells (38)
and remained the same in T98G (mutant p53) pair of cells
after radiation (Supplemental Fig. 1). This demonstrates
that p53 mutation status was not altered between the parental and the derived U-87 MG and T98G cell lines.
TSP-1 interaction with CD36 receptor on endothelial
cells inhibits VEGF-induced angiogenesis in multiple
mechanisms, including inhibition of VEGFR-2 phosphorylation and direct interaction with VEGF (39–41). Therefore, we assessed TSP-1 downstream signaling activation
in endothelial cells. HUVECs were incubated with medium of confluent cancer cells and analyzed for VEGF

Figure 2. TSP-1 is up-regulated in U-87 and T98G cells generating dormant tumors. A) TSP-1 mRNA levels in T98G-F/D cells,
determined by quantitative PCR. B) TSP-1 expression levels in U-87-F/D and T98G-F/D cells as determined by Western blot. C )
Immunohistochemistry staining for TSP-1 in U-87-F/D tumors at a size of ;2 mm3. Representative positive staining is marked by
arrows. D) VEGF expression in HUVECs after overnight incubation in conditioned medium (C.M.) from U-87-F/D or T98G-F/D
cells as determined by quantitative PCR. E ) VEGF expression in hCMEC/D3 cells cocultured with U-87-D or T87G-D in the
presence or absence of TSP-1 inhibitor (TSP-1-i). UT, untreated. Data represent mean 6 SD. *P , 0.05, **P , 0.01, ***P , 0.001.
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expression levels by quantitative PCR. HUVECs that were
grown in the presence of medium from fast-growing tumor generating cells (U-87-F or T98G-F) expressed significantly higher levels of VEGF (Fig. 2D). To validate that
down-regulation of VEGF was induced by increased secretion of TSP-1 by dormant tumor-generating cells, we
performed a similar experiment with the addition of a TSP1 inhibitor. Coculture of hCMEC/D3 and dormant tumorgenerating cells led to reduced expression of VEGF. This
reduction in VEGF was abrogated after treatment with
TSP-1 inhibitor (Fig. 2E). This suggests that VEGF downregulation in endothelial cells is TSP-1 dependent and can
be rescued after depletion of TSP-1 in dormant tumorgenerating cells.
Protumorigenic EGFR is up-regulated in
fast-growing glioblastoma
EGFR is a master regulator of tumorigenicity and is involved in the activation of many downstream signaling
pathways, such as the PI3K/Akt/mechanistic target of
rapamycin pathway (7). Patients with glioblastoma with
activated PI3K/Akt/mechanistic target of rapamycin pathway were shown to have poor prognosis compared
with patients without oncogenic activation (42). Therefore, it is not surprising that EGFR was proposed to have
a role in the switch from the dormant to the fast-growing
phenotype (5). In our glioblastoma dormancy models,
we confirmed EGFR overexpression by glioblastoma
cells generating fast-growing tumors in vitro both at the
mRNA level and at the protein level (Fig. 3A, B). In addition, cell surface presentation of EGFR was evaluated
by flow cytometry, demonstrating that both U-87-F and
T98G-F expressed considerably higher EGFR levels on
their surface compared with U-87-D and T98G-D, respectively (Fig. 3C). These high EGFR levels in cells generating fast-growing glioblastomas were further validated
in vivo, with a marked EGFR expression in tumors generated from U-87-F cells (Fig. 3D). Next, we investigated
whether the EGFR expression pattern found in dormant
vs. fast-growing glioblastoma corresponds to shorter vs.
longer survival of patients with glioblastoma. Analysis of
EGFR mRNA expression in fresh frozen glioblastoma
specimen obtained from patients with short-term (3.7 6
0.2 mo) or long-term (48 6 3.9 mo) survival showed that
low EGFR levels correlated with longer survival (Fig. 3E).
Nanocarrier-mediated delivery of EGFR-siRNA
facilitates efficient siRNA internalization and
silencing of EGFR
Silencing via small interfering RNA (siRNA) was chosen
for the inhibition of EGFR signaling. siRNA-based approaches are limited by low stability in the circulation,
poor penetration into the target tissue, and low silencing
efficiency. To circumvent these limitations, we used a
previously developed gene nanocarrier, dPG-NH2, a cationic polyglycerol-based polymer with a well-defined
dendritic architecture (14). This water-soluble biocompatible macromolecular carrier accumulates in the tumor
MOLECULAR FINGERPRINT OF TUMOR DORMANCY

environment due to the enhanced permeability and retention effect (31, 43, 44). dPG-NH2 was previously shown
to strongly improve the stability of siRNA, its intracellular
trafficking, and its silencing efficiency and therefore represents an ideal delivery vehicle for antitumor biological
agents (14, 25, 31). The positively charged dPG-NH2, derived from ;90% amine end groups, complexes with the
negatively charged siRNA and forms a positively charged
polyplex (Supplemental Fig. 2).
The polyplex’s intracellular trafficking was evaluated
using confocal microscopy. U-87-F cells were incubated
with IDCC-labeled dPG-NH2 entrapping Cy3-labeled
siRNA. Cells were fixed at several time points and
stained for early endosome (EEA1) or lysosome (LAMP1).
The polyplex was detected in cells after 4 h of incubation,
with nearly 90% colocalization with the early endosome
that increased in the subsequent 4 h. In the next 48 h,
colocalization with the early endosome decreased in parallel to the decreased colocalization between dPG-NH2
and siRNA (Fig. 4A, C and Supplemental Figs. 3A, B, and
4A). Both siRNA and dPG-NH2 were found in the cytoplasm, indicating the escape from the endosome and accumulation at the cytoplasm, the siRNA target site. At
each of the time points evaluated, only a low percentage of
siRNA was localized within the lysosome (Fig. 4B, C and
Supplemental Figs. 3C and 4B).
EGFR manipulation by siRNA, small molecule,
or antibody results in inhibition of EGFR
expression and function leading to
cytotoxic anticancer effect
To evaluate the activity of siEGFR in glioblastoma cells, we
examined the ability of siRNA to inhibit EGFR by evaluating the binding of near infrared-labeled EGF (EGF-NIR)
to U-87-F cells after silencing. We showed that the EGFNIR probe efficiently binds to U-87-F cells (defined as total
binding) and that the binding is inhibited in the presence of
excess nonlabeled EGF (defined as nonspecific binding).
After 48 h incubation with our siEGFR or an additional
sequence of commercial siEGFR, EGF-NIR binding was
significantly reduced, suggesting that our siEGFR efficiently and specifically silences EGFR in glioblastoma
(Fig. 5A). We next evaluated the silencing efficiency of
dPG-NH2–siEGFR polyplexes. Forty-eight hours after
treatment with the dPG-NH2–siEGFR polyplex, a marked
reduction in EGFR mRNA and protein levels was evident
in cells generating fast-growing glioblastoma, compared
with the control siRNA (Fig. 5B, C). Twenty-four hours
later, EGFR silencing was translated to significant inhibition in cell proliferation (Fig. 5D). We therefore concluded that dPG-NH2–siEGFR polyplex efficiently delivers
siEGFR into glioblastoma cell cytoplasm and successfully
silences EGFR.
To demonstrate the potential of our therapeutic strategy,
we performed experiments with 2 other EGFR inhibitors:
cetuximab, a chimeric mAb against EGFR, and erlotinib, a
tyrosine kinase inhibitor of EGFR. We evaluated their in
vitro cytotoxicity on various glioblastoma cell lines and
found that they inhibit the proliferation of 3 of the 5 cell lines
evaluated, with erlotinib being slightly more potent.
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Figure 3. EGFR expression is upregulated in U-87-F and T98G-F
cells generating fast-growing glioblastomas and in patients with
glioblastoma with short-term
survival. A) EGFR mRNA levels
in T98G-F/D cells quantiﬁed by
real-time PCR. Data represent
means 6 SD. B) EGFR protein
levels in U-87-F/D and T98G-F/
D cells as determined by Western blot, with HSC-70 as a
control of protein loading. C )
Flow cytometry analysis of EGFR
expression in U-87-F/D and
T98G-F/D cells. D) Immunohistochemistry staining for EGFR in
U-87-F/D tumors at a size of
;2 mm3. Representative positive
staining is marked by arrows. E)
EGFR mRNA levels in short-term
survival (STS; n = 23) and longterm survival (LTS; n = 36)
patients with glioblastoma quantiﬁed by real-time PCR. Data
represent means 6 SD.

Cetuximab inhibited the proliferation of human U-87 MG
and murine GL261 cells by 20 and 44%, respectively,
whereas erlotinib inhibited the proliferation of U-87 MG,
hGB1, and GL261 cells by 56, 17, and 50%, respectively (Fig. 5E). To show the activity of these EGFR inhibitors in a more clinically relevant in vitro model, we exploited
our recently developed tumor spheroids, consisting of
patient-derived tumor cells, primary human astrocytes,
and brain microvascular endothelial cells (22). We
showed that tumor cell invasion and endothelial cell
sprouting were inhibited in spheroids treated with both
cetuximab and erlotinib, though to a greater extent in
the erlotinib-treated spheroids (Fig. 5F).
TSP-1 restoration combined with EGFR
inhibition results in enhanced anticancer
effect in vitro
Next, we evaluated whether reversion of TSP-1 and
EGFR expression patterns in fast-growing tumorgenerating cells leads to an enhanced anticancer effect. For EGFR inhibition, we used siEGFR, cetuximab,
or erlotinib, and for TSP-1 restoration, we exploited a
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TSP-1 PM, a potent angiogenesis inhibitor that was recently demonstrated by our group to have a therapeutic
activity in glioblastoma (22). Because this is a combination of 2 therapeutic agents that target different
intratumoral cellular compartments, the next set of
experiments was performed using coculture of endothelial and cancer cells. These experimental settings
allowed us to evaluate the response of cancer cells to
anticancer therapies in the context of the tumor microenvironment. We demonstrate that the cytotoxicity
of PG-NH2–siEGFR in U-87-F cells cocultured with
HUVECs was enhanced when combined with TSP-1
PM (Fig. 6A). Although TSP-1 PM is expected to inhibit
endothelial cell proliferation, we observed an enhanced
anticancer activity in glioblastoma cells when it was
combined with an EGFR inhibitor. This effect may have
resulted from altered response of the cancer cells to
treatment due to their interaction with HUVECs. In addition, it was previously shown that TSP-1 variant induces
apoptosis in glioblastoma cells in a CD36-dependent
manner (45), suggesting that our TSP-1 PM affects tumor
cells as well as endothelial cells. Furthermore, we showed
that tumor cell invasion and endothelial cell sprouting were
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Figure 4. Intracellular trafﬁcking of siRNA complexed with
dPG-NH2. U-87-F cells were incubated with Cy3-labeled siRNA
(red) complexed with IDCClabeled dPG-NH2 (blue) for up
to 48 h. At every time point,
cells were washed, ﬁxed, and
stained for either the early
endosome (FITC-labeled EEA1;
green) or lysosome (FITC-labeled
LAMP1; green). A) Representative images of cells stained with
FITC-labeled EEA1 4 and 48 h
after incubation with dPG-NH2–
siRNA. B) Representative images
of cells stained with FITC-labeled
LAMP1 4 and 48 h after incubation with dPG-NH2–siRNA.
C ) Colocalization analysis 4, 8,
24, and 48 h after incubation with
the polyplex. Scale bars, 25 mm.
Data represent means 6 SD.
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inhibited in spheroids treated with a combination of TSP-1
PM with cetuximab or erlotinib (Fig. 6B). Transendothelial
migration of patient-derived hGB1 cells was also inhibited
after treatment with a combination of TSP-1 PM and
cetuximab, but no additive inhibitory effect was observed
compared with treatment with TSP-1 PM or cetuximab
alone (Fig. 6C). This suggests that the synergistic effect is
derived from antiproliferative property and not from antimigratory one. The inhibition of proliferation, migration,
invasion, and tumor-host (endothelial cells and astrocytes)
crosstalk suggests that the selected combination synergizes
by affecting the 2 compartments.
We have recently demonstrated that TSP-1 PM inhibits VEGF-induced vascular hyperpermeability in
vivo (22). Previous studies have shown that EGFR inhibitors can suppress vascular permeability in highly
MOLECULAR FINGERPRINT OF TUMOR DORMANCY

siRNA-Lysosome

angiogenic tumors (46). Therefore, we evaluated the
effect of our combination treatment on the permeability
of hCMEC/D3 cells grown in conditioned medium of
patient-derived hGB1 cells. Combining TSP-1 PM and
erlotinib significantly inhibited endothelial cell permeability to a greater extent compared with each treatment
alone (Fig. 6D).
TSP-1 up-regulation combined with EGFR
silencing reverts fast-growing angiogenic
glioblastomas into a dormant-like state
We next evaluated the in vivo therapeutic efficacy of our
novel therapeutic strategy based on the glioblastoma
dormancy signature described herein. First, we evaluated TSP-1 PM in combination with siEGFR, exploiting
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Figure 5. In vitro cytotoxic effect of EGFR silencing or inhibition by siRNA (dPG-NH2–siEGFR polyplex), small molecule
(erlotinib), or antibody (cetuximab). A) EGF-NIR binding in U-87-F cells after 48 h transfection with siEGFR as measured by NIR
imaging. Upper inserts: NIR scans. B–D) U-87-F and T98G-F cells were transfected with dPG-NH2–siEGFR or dPG-NH2–siNC
(200 nM siRNA). Cells were then evaluated for EGFR mRNA levels by quantitative PCR (B), protein expression by Western blot
(C ), and cell viability (D). E ) U-87-F, U251, hGB1, hGB2, and GL261 proliferation after treatment with 100 mM cetuximab or
erlotinib. F ) Representative images of 3-dimensional spheroid invasion into matrigel after treatment with 100 mM cetuximab or
erlotinib. Scale bars, 400 mm. Data represent means 6 SD. *P , 0.05, **P , 0.01, ***P , 0.001.
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Figure 6. EGFR inhibition combined with TSP-1 restoration results in an enhanced anticancer effect in vitro and in vivo. A)
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our dPG-NH2 nanocarrier for oligonucleotides, which
showed promising results in vitro. This in vivo study
was performed as a proof of concept to evaluate the
synergistic effect of the combined proposed therapies
regardless of their ability to cross the blood-brain
barrier (BBB) or pharmacokinetics of the systemically
administered oligonucleotide sequence. Therefore,
we initiated the study administering the therapies
intratumorally into subcutaneously inoculated glioblastoma models. Mice bearing s.c. ;50 mm3 U-87-F
tumors were treated for 12 d. Due to rapid clearance
of the peptide, TSP-1 PM was administered daily
(50 mg/kg/d), half by intraperitoneal injection and half
by s.c. Alzet osmotic pump with a sustained release rate
of 0.5 ml/h. dPG-NH2–siEGFR polyplex (2 mg/kg
siRNA; 4 mg/kg dPG-NH2) was administered by
intratumoral injection twice a week. Five percent
dextrose was used as control for the peptide, and GFP
siRNA (siGFP = siNC) was used as control for EGFR
siRNA. Because we aimed to evaluate mechanisms of
escape from dormancy, tumor growth was monitored
until they escaped and ultimately killed the host, as
commonly occurs clinically where patients with glioblastoma die of recurrence originating from minimal
residual disease.
TSP-1 PM monotherapy slightly attenuated tumor
growth during measurements. dPG-NH2–siEGFR
polyplex monotherapy inhibited tumor growth by 70%
compared with control siRNA and by 96% compared
with nontreated mice (Fig. 6E). Any treatment alone
was insufficient to regress tumors to a dormant-like
state. The combination of TSP-1 PM and dPG-NH2–
siEGFR polyplex exhibited a synergistic effect with a
complete, albeit transient, regression of tumor growth
for a period of 4 wk after treatment withdrawal. Some
inhibitory effect on tumor growth was seen in mice
treated with control siRNA. This can be attributed to
the undesired off-target effect of the control siRNA that
may appear even without a physiologic target (47).
Only the dPG-NH2–siEGFR polyplex or its combination with TSP-1 PM was able to cause tumor shrinkage
(as opposed to attenuated growth) (Fig. 6E and
Table 1). In addition, the combination therapy prolonged mice survival by almost 50 d (Fig. 6F).
Next, we aimed to evaluate the anticancer efficacy of
our proposed combination on an orthotopic model of
glioblastoma in immunocompetent mice. Therefore, an
additional in vivo study was performed with the GL261
murine glioblastoma cell line inoculated intracranially
into C57BL/6 mice. GL261 is a glioblastoma syngeneic
model known to recapitulate the clinical and molecular
characteristics of glioblastoma (48). In this study, we
treated glioblastoma-bearing mice with a different

TABLE 1. Average volume of U-87 MG-derived tumors 18 d after
treatment initiation
Treatment group

Control
ABT-898
dPG-NH2–siNC
dPG-NH2–siEGFR
TSP-1 PM + dPG-NH2–siNC
TSP-1 PM + dPG-NH2–siEGFR

Average tumor volume (mm3)

1300
940
210
56
240
1

EGFR inhibitor instead of siRNA to avoid the limitations of siRNA delivery to the brain and used a clinically approved drug in combination with TSP-1 PM.
Erlotinib was the drug of choice because it demonstrated
higher toxicity compared with cetuximab in our in vitro
studies. Eight days after tumor cell inoculation, mice
were treated systemically with TSP-1 PM (50 mg/kg
daily), erlotinib (50 mg/kg daily) or their combination.
Combination of erlotinib with TSP-1 PM prolonged
mice survival compared with the other treatment
groups (Fig. 6G). However, the results were quite disappointing compared with the results received with
siEGFR. Although this is not surprising given the highly
aggressive nature of GL261 tumors, it suggests an
advantage of EGFR inhibition by siRNA over small
molecules and local delivery vs. systemic delivery of
currently available inhibitors.

DISCUSSION
The failure of the current standard-of-care to significantly prolong survival of patients with glioblastoma
calls for novel treatment paradigms for this lethal malignancy. Based on the molecular fingerprint of dormant glioblastoma, in which TSP-1 is up-regulated and
EGFR is down-regulated, we have developed a novel
therapeutic strategy. This work shows that intervention
in these pathways inhibits tumor growth of highly aggressive glioblastoma and induces a dormant-like state
on established tumors, making this approach a viable
treatment alternative for those patients who fail to respond to other treatment modalities.
Dormant microscopic tumors are highly prevalent
in otherwise healthy individuals (49). They can be
present as one of the earliest stages in tumor development, as micrometastases in distant organs, and as
minimal residual disease left after surgical removal
or treatment of primary tumors (50). Unraveling
the basic mechanisms underlying this phenomenon
may improve our understanding of the molecular

mCherry-labeled hGB1 cells through hCMEC/D3 monolayer after treatment with TSP-1 PM and cetuximab. D) Permeability of
hCMEC/D3 monolayer after treatment with TSP-1 PM and erlotinib measured by the ﬂuorescence intensity of dextran-FITC that
has diffused through the monolayer. E–G) Mice bearing U-87-F tumors (n = 4–6) were administered dPG-NH2, entrapping EGFR
siRNA or GFP siRNA as nontargeting control siRNA (2:4 mg/kg; red arrows) with or without TSP-1 PM (50 mg/kg daily; black
arrows). E ) Tumor growth patterns after treatment initiation. Dashed-line box shows tumor growth during the ﬁrst 18 d. F )
Kaplan-Meier survival curve of SCID mice bearing U-87 MG tumors. G) Kaplan-Meier survival curve of C57 mice bearing
intracranial GL261 tumors after treatment with TSP-1 PM, erlotinib, or their combination (n = 6–7). *P , 0.05, ***P , 0.001.
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mechanisms of tumor establishment and recurrence. We
have recently developed a novel approach for osteosarcoma therapy based on the microRNA profile distinguishing dormant vs. fast-growing osteosarcomas (25).
Therefore, there is an immense potential in translating dormancy-associated signatures into dormancypromoting therapeutic applications for different
malignancies. Because obtaining clinical samples of dormant glioblastoma tissues is impossible, in this study we
tackled the pertinent problem of minimal residual disease
left after resection of glioblastoma in which the dormancy
signature, including EGFR and TSP-1, is relevant.
The high prevalence of EGFR overexpression and/
or constitutive activation has made inhibitors targeting the EGFR signaling pathway (e.g., gefitinib,
erlotinib, cetuximab, lapatinib, and nimotuzumab)
emerge as potential treatment for glioblastoma in
preclinical and clinical trials (1, 51). Indeed, erlotinib
and cetuximab exhibited a cytotoxic anticancer effect
on glioblastoma cells in this study. Nevertheless,
clinical practice had shown that treatment with these
inhibitors often fails due to acquired resistance by the
cancer cells to tyrosine kinase inhibitors and the specific conformation required for the “neutralizing antibody” binding. Therefore, we postulated that EGFR
silencing using our EGFR siRNA could be beneficial
over existing alternatives because it targets a consensus sequence on the EGFR mRNA, including the WT
and the mutated forms. However, in vivo delivery of
siRNAs is challenging due to their high instability in
the circulation, reduced half-life, and inability to cross
cellular membranes. In glioblastoma, the siRNA is
further required to cross the BBB to reach the target
tissue. One of the most studied approaches to circumvent these limitations is delivery of siRNAs with
nanocarriers (52). Several studies showed efficacy of
siEGFR delivery systems in glioblastoma cells in vitro,
either as monotherapy (53) or in combination with
other therapeutic agents (54). A delivery system
for EGFR silencing was developed by Zhang et al.
(55) by encapsulating short hairpin RNA targeting
EGFR mRNA with polyethyleneglycol-coated immunoliposomes. Systemic intravenous delivery of the
liposome-encapsulated short hairpin RNA targeting
EGFR to mice with advanced intracranial glioblastoma resulted in marked EGFR silencing and in an
increase in mice survival. In another recent study, a
methoxy-modified EGFR siRNA was conjugated to
cyclic arginine-glycine-aspartic acid peptide, which
binds to avb3 integrins expressed on U-87 MG glioblastoma cells. Cyclic arginine-glycine-aspartic acid–
siEGFR conjugate demonstrated high tumor targeting
abilities, which facilitated effective reduction of EGFR
mRNA levels in the tumor tissues and significant inhibition of U-87 MG tumor growth (56). Another
commonly used strategy for nanocarrier-directed
siRNA delivery, in addition to encapsulation and
conjugation, is electrostatic complexation. Here, we
exploited our well-characterized positively charged
polymeric nanocarrier for oligonucleotide delivery,
dPG-NH2, which electrostatically interacts with the
MOLECULAR FINGERPRINT OF TUMOR DORMANCY

negatively charged siRNA to form a polyplex. This
study and our previous work showed that dPG-NH2
can successfully deliver both siRNAs and miRNAs to
cancerous tissues, enter cells via endocytosis, and ultimately induce gene silencing (14, 31). We also previously showed that this nanocarrier can efficiently
cross the BBB to target intracranial glioblastoma (31).
Despite the great therapeutic potential of EGFR inhibitors, the high heterogeneity of EGFR expression in
glioblastoma may challenge its clinical efficacy (34).
This limitation can be overcome by combining EGFR
inhibition with a therapeutic agent with a different
mechanism of action.
The recognition that recruitment of blood vessels is
essential for tumor growth and metastases has made
angiogenesis inhibitors attractive candidates for cancer therapy. Because glioblastoma is a highly angiogenic malignancy, the effect of therapeutic agents
targeting angiogenic pathways in glioblastoma has
been extensively studied (57). In fact, a mAb that targets VEGF, bevacizumab, has been approved by the
U.S. Food and Drug Administration for recurrent gliomas
(58). However, in several clinical studies, combination
of bevacizumab with the standard chemo-radiation
protocol prolonged progression-free survival of patients with glioblastoma but failed to improve overall
survival (59, 60). Even though there are recent reports
of marginal improvement in overall survival rates (61,
62), bevacizumab’s main clinical benefit is reduction
in edema (63), leading to improved quality of life.
Moreover, there is growing evidence for an emergence
of mechanisms of evasive resistance to anti-VEGF
therapy in glioblastoma (58). Because bevacizumab
inhibits angiogenesis indirectly, binding to VEGF (a
product of the ever-changing tumor cell), we used
TSP-1 PM as a direct angiogenesis inhibitor that
binds to its receptor overexpressed on tumor endothelial cells. We postulated that efficacious angiogenesis inhibitors with different mechanisms of action may
represent an alternative treatment modality for glioblastoma, which might overcome acquired resistance.
We recently showed that the potent angiogenic inhibitor TSP-1 PM can significantly improve the therapeutic response of chemotherapeutics in glioblastoma
(22). In this study, the addition of TSP-1 PM to siEGFR
resulted in a synergistic anticancer activity on human
U-87 MG glioblastoma xenografts. Even though our
monotherapy using siEGFR nanoplex resulted in enhanced inhibition of glioblastoma growth compared
with previous studies, the combination with TSP-1 PM
led to a significantly better outcome. Combination of
erlotinib with TSP-1 PM, though prolonging murine
GL261-bearing mice survival to some extent, did not
result in a striking therapeutic benefit. We postulate
that the reason for this mild anticancer effect may be the
result of the aggressive nature of intracranial GL261
tumors and the challenging brain delivery issues.
Moreover, these differences in therapeutic outcomes
between U-87 MG and GL261 tumor model can be attributed to their different TP53 genotype. The tumor
suppressor p53 was previously shown to increase the
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expression of TSP-1 (37). Although TSP-1 PM monotherapy did not affect tumor growth in both models,
the combination therapy was more efficacious in p53
wild type U-87 MG tumors, suggesting that the p53
mutation in GL261 cells may have hindered the combination’s synergistic therapeutic potency.
Together, our data suggest that simultaneous targeting of dormancy-associated pathways in glioblastoma can potentially hamper tumor expansion but may
still require further optimization of the specific therapeutic agents used, dosing, and treatment regimen.
Nonetheless, we show here that modulating 2 of the 7
components of the dormancy signature was more effective compared with modulation of each component
alone. We postulate that the addition of another
component may result in an even better therapeutic
outcome. We have recently demonstrated that one of
the mechanisms that contribute to the synergistic
effect of TSP-1 PM combination with the chemotherapeutic agent paclitaxel is enhanced apoptosis via
up-regulation of the Fas/FasL pathway (22). These
mechanisms may also play a part in the enhanced
therapeutic efficacy of TSP-1 PM and EGFR inhibitors
demonstrated in this study.
To summarize, we show here that models of human
tumor dormancy, a fundamental phenomenon in cancer
progression, represent a powerful tool for the identification of novel therapeutic approaches. The combination
treatment presented here, which was derived from the
gene signature of dormant glioblastoma, may represent,
after further optimization, a potential therapeutic strategy
for highly angiogenic cancers expressing low levels of TSP1 with EGFR overexpression and/or hyperactivation.
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