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Summary: The human epidermal growth factor receptor
(EGFR) plays an oncogenic role in solid cancer, including brain
primary and metastatic cancers. Transvascular nonviral gene
therapy in combination with EGFR-RNA interference (RNAi)
represents a new therapeutic approach to silencing oncogenic
genes in solid cancers. This is achieved with pegylated immu-
noliposomes (PIL) carrying short hairpin RNA expression plas-
mids driven by the U6 RNA polymerase promoter and directed
to target EGFR expression by RNAi. The PIL is comprised of
a mixture of known lipids containing polyethyleneglycol
(PEG), which stabilizes the PIL structure in vivo in circulation.
The tissue target specificity of PILs is given by conjugation of
�1% of the PEG residues to monoclonal antibodies (mAbs)
that bind to specific endogenous receptors (i.e., insulin and
transferrin receptors) located in the brain vascular endothelium,

which forms the blood brain barrier (BBB), and brain cellular
membranes, respectively. These mAbs are known to induce 1)
receptor-mediated transcytosis of the PIL complex through the
BBB and 2) transport to the brain cell nuclear compartment.
Treatment of an experimental human brain tumor model in scid
mice is possible with weekly intravenous RNAi gene therapy
causing reduced tumor expression of EGFR and 88% increase
in survival time of these mice with advanced intracranial brain
cancer. The availability of additional RNAi tumor targets may
improve the therapeutic efficacy of this new anticancer drug.
The accessibility to chimeric and/or humanized mAbs directed
to human BBB and brain cell specific-receptors may accelerate
the application of this technology to the treatment of human
tumors. Key Words: Blood-brain barrier, brain tumor, gene
therapy, liposomes, RNA interference, short hairpin RNA.

INTRODUCTION

The human glioblastoma multiform (GBM) represents
the most malignant form of human astrocytomas, and
approximately 15,000 new cases are reported per year in
the U.S. alone.1 In addition, the incidence of metastatic
brain tumors approximates 150,000 cases per year in the
U.S., and these include lung, breast, and melanoma me-
tastasis, respectively.1 The survival rate for patients with
brain primary and metastatic cancers is poor after con-
ventional therapy, including surgery, radiation therapy,
and/or chemotherapy.2–7 Therefore, development of new
therapeutics is critical to improve the life expectancy of
these patients.

The human epidermal growth factor receptor (EGFR)
represents a potential target for the development of new
therapeutics for the treatment of cancers in general.8,9

The EFGR drives the proliferation of 90% of GBM.9,10

The EGFR also plays an oncogenic role in approximately
70% of the peripheral solid cancers that metastasize to
the brain.11 Therefore, if therapeutics to target the
EGFR-responsive brain tumor were developed, this may
result in the potential treatment of approximately
100,000 cases per year just in the U.S. Amplification of
the EGFR gene has been described in more the 40% of
GBM,12,13 and there is strong evidence for association
between overexpression and gene amplification of EGFR
in brain cancers.14,15 In addition to the amplification of
the wild-type EGFR gene in human brain tumors, there
are mutant forms of EGFR that may be constitutively
overactive, and the most common form of mutant EGFR
has an in frame deletion of exons 2–7, and it is desig-
nated EGFR variant III (vIII).9 The EGFR vIII protein is
poorly responsive to its ligands, i.e., EGF and TGF.
However, this mutant maintains the tyrosine kinase do-
main of the EGFR in continuously hyperactivity result-
ing in over proliferation of the cancer cells.9 Therefore,
overexpression of the EGFR vIII protein and EGFR gene
amplification have been associated with poor survival.16

Based on the biochemical characteristics of the EGFR
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and oncogenic role, potential therapeutics for brain can-
cers should be able to target both wild-type and mutant
forms of the EGFR.

The development of a new therapeutic for either pri-
mary or metastatic cancer of the brain (i.e., small mole-
cules, monoclonal antibodies, or gene medicines) will
not succeed in clinical trials if the drug does not cross the
brain microvasculature, which constitutes the blood-
brain barrier (BBB) in vivo.17 The BBB is formed by
blood vessels that originate from normal brain and which
perfuse the primary or metastatic cancer in brain. Even
though is it generally accepted that there is an increased
permeability of the BBB in high grade gliomas (i.e.,
GBM), in the early and intermediate stages of brain
cancer when therapeutic intervention is desirable, the
capillaries perfusing the brain cancer have restrictive
permeability properties similar to capillaries in normal
brain.18 The brain microvascular barrier is only perme-
able to lipophilic molecules of less than 500 Da, and the
majority of potential drug candidates to target the EGFR
do not cross the BBB, resulting in poor therapeutic effi-
cacy in brain cancers. For example, kinase small-mole-
cule inhibitors, such as PTK787 or Gleevec (Novartis
Pharmaceuticals, East Hanover, NJ), do not cross the
BBB.19 The efficacy of gefitinib (Iressa, AstraZeneca,
Newark, DE) for brain cancers remains to be determined
in clinical trials. However, this compound was recently
shown to be effective primarily in particular human so-
matic mutations of EGFR, which represent a small per-
centage of the human population.20,21 Therefore, the po-
tential clinical application of Iressa for the treatment of
human primary tumors of the brain is reduced to this
small percentage of patients carrying these single point
mutations.20,21 In addition, even if this drug is active in
the treatment brain primary tumors overexpressing the
EGFR in this particular population, preclinical data show
that Iressa will not be effective in primary or metastatic
brain cancers expressing mutants of the EGFR such as
the EGFR vIII.22 Monoclonal antibodies (mAbs) that
block the EGFR may be specific for either the wild-type
EGFR or the mutant EGFR, i.e., vIII.23,24 These mAbs
may be effective in inhibiting their specific oncogenic
stimulation pathway in peripheral cancers. Nevertheless,
the potential clinical application of these mAbs for brain
cancers is diminished because mAbs do not cross the
BBB.17 The problem presented by the BBB in the de-
velopment of brain cancer therapeutics is illustrated in
the case of Herceptin (Genentech, Vacaville, CA), a
humanized monoclonal antibody to the HER2 receptor,
which is a member of the EGFR gene family. Although
Herceptin inhibits growth of HER2-positive cancer in the
breast, this therapeutic is not effective against breast
cancer that has metastasized to the brain.25

POTENTIAL TARGET FOR BRAIN CANCER
GENE THERAPY

Gene therapy of brain cancer offers the promise of
knocking down the expression of oncogenic genes such
as EGFR. However, gene therapy is limited by the de-
livery problem, which is particularly difficult in brain
owing to the presence of the BBB.17 To circumvent the
BBB, attempts have been made to deliver therapeutics to
brain cancer by craniotomy. However, this approach is
not effective because there is limited diffusion of the
therapeutic gene within the tumor from the transcranial
injection site.26 Therapeutics can be delivered to all cells
in brain cancer via the transvascular route across the
BBB.17,27 The transvascular delivery of nonviral genes
to brain is possible with a gene transfer technology that
uses pegylated immunoliposomes (PILs).27,28

The application of the PIL nonviral gene transfer tech-
nology enabled a significant increase in survival time of
mice with intracranial human brain cancer with weekly
intravenous injections of antisense gene therapy directed
at the human EGFR.29 In this experimental therapy ap-
proach, the antisense construct (designated clone 882) is
comprised of an eukaryotic expression plasmid encoding
a 700-nucleotide RNA that is antisense to nucleotides
2317-3006 of the human EGFR encompassing the kinase
domain of this receptor.30 The antisense clone 882 was
encapsulated in PILs that were doubly targeted to brain
cancer in vivo with two mAbs of different receptor spec-
ificity.29 One mAb, the rat 8D3 mAb to the mouse trans-
ferrin receptor (TfR) (FIG. 1), enabled transport of the
PIL across the mouse BBB forming the microvasculature
of the intracranial cancer. A second mAb targeted the
human insulin receptor (HIR) that was expressed on the
human brain cancer plasma membrane (FIG. 1). To aug-
ment the potency of the clone 882 expression plasmid,
this vector contained the latent origin of plasmid repli-
cation (oriP) and Epstein-Barr nuclear antigen (EBNA)-1
elements,30 which allow for a single round of replication
of the expression plasmid with each division of the can-
cer cell.31 The inclusion of the oriP/EBNA-1 elements
within the expression plasmid enables a 10-fold increase
in the level of gene expression in human U87 glioma
cells.32 However, the EBNA-1 gene encodes a tumori-
genic transacting factor,33 and this formulation may not
be desirable in human gene therapy. It is possible that the
EBNA-1 element would not be required if a more potent
form of antisense gene therapy was developed.

RNA interference (RNAi) is a new form of antisense
gene regulation wherein short RNA duplexes of defined
sequence results in gene silencing of the targeted
mRNA.34 RNAi is perhaps the most potent mechanism
of gene downregulation. RNAi was named “Break-
through of the Year” by Science in 2002 as important
mechanism of gene regulation.35
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RNAi has been demonstrated in cell culture by lipo-
fection with RNA duplexes. However, the delivery of
short RNA fragments to cells in vivo in mammals is
problematic owing to the rapid degradation of the RNA.
Short hairpin RNA (shRNA) mimics the structure of the
RNAi duplex, and shRNAs can be produced in cells after
the delivery of expression plasmids encoding the
shRNA. This shRNA is processed in the cell by an
enzyme called dicer to form an RNA duplex with a
3�-overhang, and this short RNA duplex mediates RNAi
or posttranscriptional gene silencing.36,37 RNAi activity
has been shown in cell culture by transfecting cells with
plasmids producing shRNAs, using gene delivery sys-
tems comprised of either cationic polyplexes or retroviral
vectors.36–40 However, cationic DNA polyplexes (i.e.,
lipofection) or retroviral vectors do not cross the BBB
and do not allow for gene delivery to the brain.17 Al-
though RNAi-based gene therapy offers promise for the
treatment of cancer, the limiting factor is delivery. Re-
cent studies demonstrated that it is possible to engineer
delivery systems for shRNA expression vectors with

therapeutic efficacy directed at the human EGFR in an
experimental human brain tumor model in mice.41

GENE DELIVERY OF shRNA EXPRESSION
VECTORS

Short hairpin RNA mimics the structure of the RNAi
duplex, and shRNAs can be produced in cells following
the delivery of expression plasmids encoding the
shRNA. However, this reconfigures the formulation of
the potential RNA drug into a DNA gene medicine.
Recently, a new form of nonviral gene transfer has been
developed that enables efficient expression of plasmid
DNA in target organs following an intravenous injection
of the gene.42,43 The plasmid DNA is encapsulated in the
interior of an 85 nm liposome (FIG. 1), which protects
the DNA from the ubiquitous endonucleases in vivo. The
surface of the liposome is conjugated with several thou-
sand strands of 2000 Da polyethyleneglycol (PEG), and
the tips of 1-2% of the PEG strands are tethered with a

FIG. 1. Engineering of PIL. Top: PIL with supercoiled plasmid DNA encapsulated in the interior of the liposome. The gene encoding the
shRNA is under the influence of the U6 promoter and the coding region terminates with the T5 terminator sequence for RNA polymerase
III. The surface of the liposome is conjugated with several thousand strands of 2000 Da PEG to stabilize the liposome in the blood.44

The tips of 1-2% of the PEG strands are conjugated with a targeting ligand such as a receptor (R)-specific mAb, which triggers transport
of the PIL across biological barriers in vivo. Bottom: PILs can be engineered to target cells in tissue culture and in vivo experimental
models in different species. For example, PILs constructed with both 8D3 mouse TfR mAb and the 8314 human insulin receptor (IR) mAb
are transported through the BBB via receptor mediated transcytosis, and it will target human glioma cells in an experimental mouse
model of human brain tumor via endocytosis.29,41–46
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targeting ligand acting as a molecular Trojan horse. The
structure of the PIL carrying the internalized plasmid
DNA is shown in Figure 1. The PILs may be engineering
with different peptidomimetic mAbs that bind to differ-
ent endogenous receptors to induce receptor-mediated
transcytosis through the BBB, and transport via endocy-
tosis to the nuclear compartment in brain cells including
cancer cells.42–44 For example, the 8314 murine mAb to
the HIR and the OX26 murine mAb to the rat TfR are
used to target human and rat tissues, respectively. The
OX26 TfRmAb is active only in rats, and the 83–14
HIRmAb is active only in humans or Old World primates
such as the rhesus monkey (FIG. 1).32,42-46

The targeting mAb delivers the PIL carrying the gene
across the biological barriers in vivo.42–47 In the case of
targeting brain cancer, the PIL must traverse both the
BBB in vivo, and the tumor cell plasma membrane
(TCM) behind the BBB. Owing to high expression of the
TfR or IR on both the BBB and TCM barriers, the
targeting mAb enables the sequential receptor-mediated
transcytosis of the PIL across the BBB followed by the
receptor-mediated endocytosis of the PIL into the brain
tumor cell in a brain tumor model.44 PILs have also been
successfully constructed to target human tumor cells in a
scid mouse model wherein dual targeting mAbs were
directed to the mouse TfR and human IR.41

IN VIVO SILENCING OF GENE EXPRESSION
IN A BRAIN TUMOR MODEL: LUCIFERASE

TARGET

The limiting problem in the development of RNAi-
based therapeutics for cancer and other diseases is the
design and construction of shRNA expression plasmid
and the delivery of these constructs to the target organ in
vivo. Proof of this concept was recently demonstrated
with the production of PIL encapsulated antiluciferase
shRNA expression plasmids and an intracranial brain
cancer model of rat glioma cells permanently transfected
with the luciferase gene.44

The construction of antiluciferase shRNA expression
plasmids is summarized in Figure 2. Different shRNA
expression plasmids, designated clones 952 and 954,
were prepared that hybridize to overlapping sequences of
the luciferase mRNA sequence shown in Figure 2A. This
area of the luciferase mRNA was selected because pre-
vious work demonstrated that it was possible to produce
silencing of the luciferase gene with shRNA.36 Comple-
mentary oligodeoxynucleotides (ODNs) were synthe-
sized to produce the duplexes corresponding to either the
clone 952 or clone 954 shRNA. The structures of the
shRNA encoded by clone 952 and 954 are shown in
Figure 2, B and C, respectively. The clone 952 shRNA
has the antisense strand on top with a 25-mer stem and an
8-nucleotide loop, whereas the clone 954 shRNA con-

tains the antisense strand on the bottom with a 20-mer
stem and a 7-nucleotide loop (FIG. 2, B and C). The
sequence complementary to the forward ODN contains
4-nucleotide overhangs to the EcoRI and ApaI restriction
sites at 5�- and 3�-end, respectively (FIG. 2D), to direct
subcloning into the cohesive ends of the expression vec-
tor driven by the U6 promoter shown in Figure 1A.37 The
T5 terminator sequence for RNA polymerase III was
introduced in the ODNs (FIG. 2D).

The biological activity of antiluciferase shRNA ex-
pression plasmids was investigated in human U87 gli-
oma cells in tissue culture. Cells were cotransfected with
a luciferase expression vector clone 790 and clones 952
or 954 by lipofection. Clone 790 is a pCEP4-derived
expression plasmid driven by the simian virus 40 (SV40)
promoter with a cis-stabilizing element in the 3�-untrans-
lated region (UTR) of the luciferase mRNA.47 In the
cells transfected with clone 954 there was an �60%
inhibition in luciferase gene expression at 2 days of
incubation, and this effect was lost at day 4 (FIG. 2E,
left). Conversely, in the cells transfected with clone 952,
the luciferase activity was suppressed 91% and 87% at 2
and 4 days of incubation, respectively (FIG. 2E, left).
These studies with lipofection indicated both clones 952
and 954 were active in producing antiluciferase shRNAs,
but clone 952 produced maximum silencing of the lucif-
erase gene.

Before animal studies, the ability of the PIL gene
delivery system to effectively produce RNAi in cultured
cells was validated with the same shRNA expression
plasmids (FIG. 2E, right). Clone 952 or 954 shRNA
expression plasmids were encapsulated in antibody-tar-
geted PILs as described in Figure 1 using the 8314 HIR
mAb to target human U87 glioma cells.30 For this ex-
perimental design, cells were transfected with the lucif-
erase expression vector clone 790 by lipofection 4 h
before the experiment. Thereafter, cells were incubated
with clone 952 or 954 plasmid DNA encapsulated in
PILs targeted with the 8314 mAb to the HIR. Clone 954
encapsulated in the HIR mAb-PIL reduced luciferase
gene expression 69 and 26% at 2 and 4 days of incuba-
tion, respectively (FIG. 2E, right). In contrast, clone 952
encapsulated in HIR mAb-PIL suppressed luciferase
gene expression 92 and 83%, respectively, at 2 and 4
days of incubation (FIG. 2E, right). Data suggest that the
PIL gene delivery system could enable RNAi via shRNA
production in cultured cells, and that the activity of these
complexes is just as high in culture whether the PILs or
lipofection was used as the transfection agent (FIG. 2E,
right). As seen above with lipofection, clone 952 pro-
duced a higher inhibitory effect on the target gene than
those observed with clone 954; therefore, clone 952 was
used for further studies in animals.
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The efficacy of clone 952 in silencing the luciferase
gene was investigated in vivo in a rat brain tumor model
(FIG. 3). C6 rat glioma cells permanently transfected
with the luciferase expression plasmid clone 790,47 and
designated C6-790 cells, were injected into caudate-pu-
tamen nucleus of Fischer CD344 adult rats. These ani-
mals developed large intracranial brain cancers, and the
size of the cancer at 14 days after implantation is shown
in Figure 3A. The rats were intravenously injected with
either saline or 10 �g/rat of clone 952 plasmid DNA
encapsulated in PILs at 10 days after tumor implantation,
when the tumors occupied about 25% of the cranial
volume. The PILs were constructed with the OX26 TfR
mAb to target transcytosis through the BBB and gene
delivery to brain tumor cells (FIG. 1).44 Animals were

sacrificed at 12 and 14 days after tumor implantation,
which represents 2 and 4 days after a single intravenous
injection of the clone 952 plasmid DNA encapsulated in
the TfR mAb-PIL. Luciferase gene expression was in-
hibited 68% on day 2 after intravenous administration of
the shRNA plasmid encapsulated in the PIL (FIG. 3B).
As expected, the luciferase gene expression in the con-
tralateral brain was negligible when compared with the
levels of luciferase gene expression seen in the tumor
(FIG. 3B). Luciferase gene expression was also inhibited
at 4 days after the single intravenous injection of the
clone 952-PIL.44 In contrast to luciferase, the RNAi ther-
apy caused no change in tumor levels of GTP used as
control gene (FIG. 3C). This enzyme is expressed in
many cancers,48 including C6 glioma cells.49 A knock-

FIG. 2. A: Target sequence of the luciferase mRNA. The sequence targeted by the clone 952-derived shRNA is underlined, and the
sequence targeted by the clone 954-derived shRNA is overlined. B and C: Sequences and secondary structure of shRNAs encoded by
clone 952 and clone 954, respectively. D: For the construction of clone 952 shRNA expression vectors, complementary ODNs are
synthesized and annealed. The sequence complementary to the forward ODN contains 4-nucleotide overhangs to the EcoRI and ApaI
restriction sites at 5�- and 3�-end, respectively, to direct subcloning into the cohesive ends of the expression vector driven by the U6
promoter shown in Figure 1A.37 The T5 terminator sequence for RNA polymerase III is introduced in the sequence of the ODNs. E, left:
Percent inhibition in luciferase activity at 2 and 4 days caused by cotransfection at zero time of the U87 cells with clone 790, a
pCEP4-derived luciferase expression plasmid,48 and shRNA clones 952 or 954 plasmid DNA, respectively. There is no inhibition of
luciferase expression in the cells transfected with clone 954 at 4 days. E, right: Percent inhibition in luciferase activity at 2 and 4 days
caused by exposure of the U87 cells to PIL encapsulated clone 952 and 954, respectively. Cells were exposed to lipofectamine and
clone 790 plasmid DNA for 4 h, washed, and the HIRmAb-PILs carrying either clone 952 or clone 954 were added, and the cells were
incubated for 2 or 4 days before measurement of luciferase activity. All data are mean � SEM (n � 3 dishes per point). Reproduced with
permission from Zhang et al. In vivo knockdown of gene expression in brain cancer with intravenous RNAi in adult rats. J Gene Med
5:1039–1045. Copyright © 2003, John Wiley & Sons, Ltd. All rights reserved.44
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down of the tumor luciferase gene expression of more
than 90% was also reported when the injection of the
shRNA clone 952-PIL was performed at day 5 after
tumor implantation in lieu of day 10.44 This level of gene
inhibition in vivo was comparable with that observed in
cell culture (FIG. 2).44

The mAb targeted PIL gene delivery system is just as
active as lipofectamine in cell culture (FIG. 2), and this
formulation is stable in vivo and allows for global gene
delivery to the brain after an intravenous injection.42,45

The combination of the PIL gene delivery system and
shRNA expression plasmids allows for a 90% knock-
down of brain cancer-specific gene expression.44 This
effect persists for at least 5 days after a single intrave-
nous injection of a low dose of plasmid DNA, i.e., 10
�g/rat.44 This dose of plasmid DNA is estimated to
deliver �5-10 plasmid DNA molecules per brain cell in
the rodent,50 which indicates the PIL gene delivery sys-
tem to brain has a high efficiency of in vivo transfection.

In vivo RNAi is enabled with this new form of gene
delivery system that encapsulates expression plasmids in
PILs, which are targeted to distant sites based on the
specificity of a receptor-specific monoclonal antibody
(FIGS. 1 and 3).

RNAi GENE THERAPY OF BRAIN TUMORS:
EGFR TARGET

A logical extension to this work was to determine if
this new technology comprised of shRNA expression
vectors and PILs was applicable to the treatment of brain
cancer by silencing of genes participating in the onco-
genic growth of these tumors, i.e., the EGFR.41 The
discovery of RNAi-active target sequences within the
human EGFR transcript required several iterations
wherein successive generation of shRNA expression
plasmids were developed (FIG. 4). These findings were
consistent with the suggestion of McManus and
Sharp,34,51 that approximately one of five target se-
quences yield therapeutic effects in RNAi. A total of six
anti-EGFR shRNA encoding expression plasmids were
produced and designated clones 962-964 and 966-968
(FIG. 4). Three of these constructs targeted the kinase
domain of EGFR (i.e., clones 966-967). Clone 962 was
directed to the beginning of the open reading frame
(ORF) and clone 964 is complementary to an area near
the end of the ORF (FIG. 4). Clone 963 targeted the
5�-flanking region of the EGFR kinase domain (FIG. 4).
The sequence of the antisense strand of each of the six

FIG. 3. A: Coronal section of autopsy rat brain at 14 days after implantation of C6-790 rat glioma cells in the caudate-putamen of adult
Fischer CD344 rats (180-200 g). The C6 cells were permanently transfected with clone 790 plasmid DNA, and produce high levels of
luciferase when grown as brain tumors in vivo.44 B: Luciferase activity in brain tumor and contralateral brain of controls (saline injected)
and shRNA-952 TfR mAb-PIL treated rats. At 10 days after C6-790 tumor implantation, the rats were intravenously injected with either
saline or 10 �g/rat of clone 952 plasmid DNA encapsulated in PILs conjugated with the OX26 TfR mAb to target delivery through the
BBB and gene delivery to brain tumor cells. Animals were sacrificed 2 days later and luciferase activity quantified. C: GTP activity in brain
cancer and contralateral brain showing that PIL treatment does not alter the expression pattern of this maker. Data are mean � SEM
(n � 4-5 rats per point). Reproduced with permission44 (see FIG. 2 legend).
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shRNAs matches 100% with the target sequence of the
human EGFR (accession number X00588), and they
were all directed to the ORF of the EGFR (FIG. 4). The
shRNA constructs were designed as previously de-
scribed36,41 and encompass intentional nucleotide mis-
matches (i.e., G-U) in the sense strand (FIG. 5B) to
reduce the hybridization of DNA hairpins during clon-
ing. Because the antisense strand remains unaltered,
these substitutions do not interfere with the RNAi ef-
fect.52 The shRNA expression cassette is engineered
with two overlapping ODNs as described in Figure 2D
for the luciferase constructs. The EGFR knockdown po-
tency of these six shRNA encoding expression plasmids
was compared to the EGFR knockdown effect of clone
882, known to reduce the expression of this receptor in
human glioma cells.29,30 Clone 882 has been described
above and encodes for a 700-nt antisense RNA comple-
mentary to nt 2317-3006 of the human EGFR30 (FIG. 4).

The RNAi effect on the human EGFR was investi-
gated by measuring the rate of [3H]-thymidine incorpo-
ration into human U87 glioma cells in tissue culture
(FIG. 4) because the EGFR mediates thymidine incor-
poration into EGFR-dependent cells.53 A wide range in
the response on the RNAi effect on 48-h [3H]-thymidine

incorporation was seen (FIG. 4). For example, no signif-
icant inhibition was observed with shRNA constructs
962 and 963 targeting nucleotides 187-219 and 2087-
2119 of the EGFR mRNA, respectively, and with the
negative control clone 959 coding for an empty U6 ex-
pression vector (FIGS. 1 and 4). On the contrary, clone
967 (nt 2529-2557) was the most potent clone causing an
RNA interference of EGFR that was similar to the pos-
itive control antisense RNA clone 882. In addition, other
shRNA constructs, i.e., 966 and 968 targeting nt 2346-
2374 and 2937-2965, had intermediate effect in the
knockdown of EGFR function (FIG. 4).

The thymidine incorporation assays were confirmed
by Western blotting, which showed that clones 967 and
882 knockdown the EGFR (FIG. 6). In contrast, clone
962, which has no effect on thymidine incorporation into
U87 cells (FIG. 4), also has no effect on the expression
of the immunoreactive EGFR (FIG. 6). Similarly, clone
952, which produces an antiluciferase shRNA (FIG. 2B),44

has no effect on the EGFR either (FIG. 6). On the basis of
the cell culture work evaluating thymidine incorporation
and Western blotting (FIGS. 4 and 6), clone 967 was cho-
sen for further evaluation of RNAi-based gene therapy to
knockdown human EGFR gene expression.

Clone 967 produces an shRNA directed against nucle-
otides 2529-2557 (FIG. 4), and this target sequence is
within the 700 nucleotide region of the human EGFR
mRNA that is targeted by antisense RNA expressed by
clone 882.30 Clone 967 and clone 882 equally inhibit
thymidine incorporation in human U87 cells (FIG. 4),
and this is evidence for the increased potency of RNAi-
based forms of antisense gene therapy. The clone 882
plasmid contains the EBNA-1/oriP gene element,30

which enables a 10-fold increase in expression of the
trans-gene in cultured U87 cells.32 Therefore, the in-
creased potency of the RNAi approach to antisense gene
therapy enabled the elimination of the potentially tumor-
igenic EBNA-1 element in the expression plasmid.

In preparation for the animal work in an experimental
brain tumor model, PILs were prepared using either
shRNA clone 967 or antisense-RNA clone 882 and the
HIR mAb (FIG. 1) to target human U87 cells in culture.
A dose-response study was performed, comparing in par-
allel the knockdown effect of clones 967 and 882 (FIG.
5C). Either plasmid DNA was equally active in suppress-
ing thymidine incorporation with an ED50 of �100 ng/
dish (FIG. 5C).

Calcium signaling in human U87 cells was used for
further confirmation of the silencing of EGFR by clone
967 with HIR mAb-targeted PILs. EGF is known to
evoke intracellular calcium signaling in brain tumor
cells,54 and a similar response in human U87 glioma
cells was previously reported.41 Changes in [Ca2�]i were
measured in response to EGF using fluorescence video
microscopy. The majority of U87 cells (i.e., �90%) re-

FIG. 4. Screening of shRNA constructs directed to the EGFR.
Top: A series of shRNA constructs directed to the EGFR mRNA
were prepared. Both nucleotide number and the relative position
in the target EGFR mRNA are indicated in the figure. The U6
shRNA expression vectors were prepared as described in Figure
2 for luciferase shRNA plasmids. Bottom: The RNAi efficacy of
anti-EGFR constructs was investigated in human U87 glioma
cells incubated with [3H]-thymidine for a 48-h period that follows
lipofection with the plasmid DNA of interest. The shRNA clone
967 and the control antisense-RNA plasmid clone 882 produced
maximum inhibitory effect in the incorporation of thymidine in
human U87 cells. Clone 882 is a 700-nt antisense RNA comple-
mentary to nt 2317-3006 of the human EGFR driven by the SV40
promoter and containing the EBNA-1/oriP elements.30 Data are
mean � SEM (n � 3 dishes). Reproduced with permission41 (see
Table 1 legend).
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spond to EGF (200 ng/ml) with an increase in [Ca2�]i

that begins 10-30 s after exposure to EGF and continues
for 60-300 s (FIG. 7). Treatment of U87 cells with 0.125
�g/dish clone 967 DNA in HIRmAb-PILs resulted in a
significant reduction in the number of cells responding to
EGF, whereas treatment with 0.25-1.5 �g DNA of clone
967 abolished the Ca2� response to EGF in nearly all
cells (FIG. 7). Clone 967 knocked down EGFR function
in a dose-dependent mechanism, with respect to inhibi-
tion of both calcium flux (FIG. 7) and thymidine incor-
poration (FIG. 4) with an ED50 of �100 ng plasmid
DNA/dish.

For the in vivo brain cancer model, human U87 glioma
cells were implanted in the caudate-putamen nucleus of
adult immunodeficient scid mice.41 Without treatment,
this model causes death at 14-20 days secondary to the
growth of large intracranial tumors. Starting on day 5
post-implantation, mice were treated with weekly intra-
venous injections of either saline or 5 �g/mouse of clone
967 plasmid DNA encapsulated in PILs. This PILs were
doubly targeted with the 8314 murine mAb to the HIR
and the 8D3 rat mAb to the mouse TfR (FIG. 5A). The
saline-treated mice died between 14 and 20 days post
implantation with an ED50 of 17 days (FIG. 8). The mice

FIG. 5. Delivery of EGFR RNAi genes with pegylated immunoliposomes. A: Model of PIL that is doubly targeted to both the mouse
transferrin receptor (mTfR) with the 8D3 monoclonal antibody (mAb1) and to the human insulin receptor (HIR) with the 8314 monoclonal
antibody (mAb2). Encapsulated in the interior of the PIL is the plasmid DNA encoding the shRNA, which produces the RNAi. The gene
encoding the shRNA is driven by the U6 promoter (pro) and is followed on the 3�-end with the T5 termination sequence for the U6 RNA
polymerase. B: Nucleotide sequence of the human EGFR (hEGFR) sequence between nucleotides 2529 and 2557 is shown on top. The
sequence and secondary structure of the shRNA produced by clone 967 is shown on the bottom. The antisense strand is 5� to the
eight-nucleotide loop, and the sense strand is 3� to the loop. The sense strand contains 4 G/U mismatches to reduce the Tm of
hybridization of the stem loop structure; the sequence of the antisense strand is 100% complementary to the target mRNA sequence.
C: Human U87 glioma cells were incubated with [3H]-thymidine for a 48 h period that follows a 5-day period of incubation of the cells
with HIR mAb-targeted PILs carrying either clone 967 or 882 plasmid DNA. A dose of 1.4, 14, 140, or 1400 ng plasmid DNA per dish
was used in each experiment. Data are mean � SEM (n � 3 dishes). Reproduced with permission41 (see Table 1 legend).
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treated with intravenous gene therapy died between 31
and 34 days post-implantation with an ED50 of 32 days,
which represents an 88% increase over the ED50 in the
saline treated animals (FIG. 8).

The silencing of the EGFR by clone 967 encapsulated
in the HIR mAb- and TfR mAb-PILs was also demon-
strated in vivo, as confocal microscopy showed a down-
regulation of the immunoreactive EGFR.41 Other evi-

dence for the suppression of the EGFR in the tumor in
vivo was a 72-80% reduction in tumor vascular density in
the tumors of mice treated with anti-EGFR gene therapy
as compared with the vascular density of brain tumors in
mice treated with saline (Table 1). The EGFR has a
proangiogenic function in cancer,55 and suppression of
EGFR function in brain tumors results in a reduction in
vascularization of the tumor (Table 1). The reduction in
tumor vascular density is not a nonspecific effect of PIL
administration because there is no reduction in vascular
density in control mouse brain (Table 1). A basic local
alignment and search tool analysis of nucleotide se-
quences of the human EGFR mRNA (accession number
X00588) and the mouse EGFR mRNA (accession num-
ber AF275367) showed that there is only 76% identity in
the mouse sequence corresponding to 2529–2557 of the

FIG. 6.. EGFR Western blotting. U87 human glioma cells were
exposed to clone 967, clone 882, clone 952, or clone 962 plas-
mid DNA for 48 h and harvested for EGFR Western blotting.
Arbitrary densitometric units (ADU) were computed for each
treatment group. A representative scan is shown at the top of
each mean � SEM. (n � 3-4 dishes). Reproduced with permis-
sion41 (see Table 1 legend).

FIG. 7. Knockdown of EGFR-mediated calcium signaling by
RNAi. Maximum Fluo-4 fluorescence in cultured U87 human
glioma cells is shown after stimulation with 200 ng/ml human
EGF. Before measurement of calcium-induced fluorescence the
cells were preincubated for 24 h with either vehicle or HIR mAb-
targeted PILs carrying clone 967 plasmid DNA. The [Ca2�]i re-
sponse in quantified by the number of cells responding to the EGF
stimulus. Reproduced with permission41 (see Table 1 legend).

FIG. 8. Survival study. Intravenous RNAi gene therapy directed
at the human EGFR is initiated at 5 days after implantation of
500,000 U87 cells in the caudate putamen nucleus of scid mice,
and weekly intravenous gene therapy is repeated at days 12, 19,
and 26 (arrows). The control group was treated with saline on the
same days. There are 11 mice in each of the two treatment
groups. The time at which 50% of the mice were dead (ED50) is
17 days and 32 days in the saline and RNAi groups, respectively.
The RNAi gene therapy produces an 88% increase in survival
time, which is significant at the p � 0.005 level (Fisher’s exact
test). Reproduced with permission41 (see Table 1 legend).

TABLE 1. Capillary Density in Brain Tumor and
Normal Brain

Region Treatment
Capillary Density per

0.1 mm2

Tumor center Saline 15 � 2
RNAi 3 � 0

Tumor periphery Saline 29 � 4
RNAi 8 � 1

Normal brain Saline 35 � 1
RNAi 33 � 1

Mean � SE (n � 15 fields analyzed from three mice in each of the
treatment groups). Reproduced with permission from Zhang et al.
Intravenous RNA interference gene therapy targeting the human
epidermal growth factor receptor prolongs survival in intracranial
brain cancer. Clin Cancer Res 10:3667–3677. Copyright � 2004,
American Association for Cancer Research.41 All rights reserved.

RNAi GENE THERAPY OF BRAIN CANCER 147

NeuroRx�, Vol. 2, No. 1, 2005



human EGFR. Therefore, the shRNA produced by clone
967 would not be expected to effect endogenous mouse
EGFR expression.

The RNAi gene therapy of brain tumors shows an 88%
increase in survival time with weekly intravenous gene
therapy using clone 967 encapsulated in HIR mAb- and
TfR mAb-PILs (FIG. 8). This increase in survival time is
not a nonspecific effect of PIL administration because
prior work has shown no change in survival with the
weekly administration of PILs carrying a luciferase ex-
pression plasmid.44 The increase in survival obtained
with weekly intravenous anti-EGFR gene therapy is
comparable to the prolongation of survival time in mice
treated with high daily doses of the EGFR-tyrosine ki-
nase inhibitor Iressa.22 However, Iressa is only active in
humans carrying particular somatic mutations of the
EGFR,20,21 and it was not effective in the treatment of
brain cancer expressing mutant forms of the EGFR (i.e.,
EGFR vIII).22 Many primary and metastatic brain can-
cers express mutations of the human EGFR,56,57 and it is
possible to design RNAi-based gene therapy that will
knock down both wild-type and mutant EGFR mRNAs.

FUTURE DIRECTIONS

Recent developments in the gene therapy field dem-
onstrate that it is possible to engineer RNAi delivery
systems to silence the expression of human EGFR in
intracranial tumors.41,44 This novel formulation, com-
prised of shRNA expression vectors and PILs, presents
advantages over conventional therapeutics targeting the
EGFR both in terms of specificity and transport to brain
tumors via the vascular route. The shRNA expression
gene therapy is also preferred over previous antisense
expression plasmids29,30 because the RNAi formulation
lacks the oriP/EBNA-1 elements that may represent a
concern for the application of these therapeutics to hu-
mans.

The ectopic expression of shRNA genes in noncancer
cells may not be desired, and it may be eliminated using
tissue-specific promoters, which has been already re-
duced to practice in preclinical studies in either mice42 or
primates.45 It may also be possible to restrict therapeutic
gene expression to the cancer cell by placing the gene
under the influence of a promoter taken from a gene
selectively expressed in brain cancer. Alternatively,
many solid cancers express mutant forms of the EGFR,
which are produced from aberrantly processed mRNAs
that contain nucleotide sequences not found in normal
cells.58 These sequences may be used as shRNA targets
to selectively knock down mutant transcripts in cancer
cells. The shRNA expression vectors may also be de-
signed to target a single nucleotide polymorphism.59

The weekly intravenous RNAi gene therapy directed
against the human EGFR causes an 88% increase in

survival time in adult mice with intracranial human brain
cancer41 (FIG. 8). The high therapeutic efficacy of the
PIL-RNAi gene transfer technology is possible because
this approach delivers therapeutic genes to brain via the
transvascular route through the BBB. The effectiveness
of this technology could be enhanced as new target genes
are discovered, as well as by the simultaneous use of
RNAi to knock down tumorigenic genes and gene re-
placement of mutated tumor suppressor genes in brain
cancer. This technology has been successfully used for
gene replacement of tyrosine hydroxylase in a rat model
of Parkinson’s disease.46,50 The efficacy of the PIL non-
viral gene transfer technology has also been demon-
strated in primates with levels of gene expression in
brain that are 50-fold greater than those levels of gene
expression in rodent brain, due to increased nuclear tar-
geting effectiveness of the HIR mAb-PIL construct.45

Future clinical applications of the PIL approach to gene
therapy of brain cancer should enable targeting of the
therapeutic gene to the cancer cell with 1) minimal gen-
eral toxicity and 2) absence of immunogenic response.
The former has been demonstrated in experimental ani-
mals wherein the weekly administration of PILs has no
toxic effects and causes no inflammation of the brain.60

PILs can be engineered with genetically modified mono-
clonal antibodies to deliver therapeutic genes to human
brain cancer. A human-mouse chimeric HIR mAb has
the same activity in terms of binding to the human BBB
in vitro, or transport across the primate BBB in vivo, as
the original murine mAb.61 Even though PIL-EGFR-
RNAi complexes may be constructed with the chimeric
HIR mAb, as the FDA has approved chimeric mAbs for
human use [i.e., Inflixmab or Remicade (Centocor,
Malvern, PA) for rheumatoid arthritis], it is possible to
engineer these PILs with fully humanized mAbs that can
be used in prolonged therapeutic treatments. The avail-
ability of humanized mAb directed to human BBB and
brain cell-specific receptors may accelerate the applica-
tion of this technology to the treatment of brain tumors in
humans.
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