10

15

20

25

30

WO 2011/053660 PCT/US2010/054350

NOVEL THERAPEUTIC RNA INTERFERENCE TECHNOLOGY TARGETED TO THE
PDX-1 ONCOGENE IN PDX-1 EXPRESSING NEUROENDOCRINE TUMORS

Technical Field of the Invention

The present invention relates in general to the field of gene-targeted cancer therapy, and more
particularly, to the development of novel therapies and drug delivery systems for the treatment of

pancreatic neuroendocrine tumors.
Background Art

Without limiting the scope of the invention, its background is described in connection with the design
and delivery of shRNA-based therapies targeting the expression of the PDX-1 oncogene as treatments

for pancreatic neuroendocrine tumors.

Islet neoplasia refers collectively to disorders emanating from pancreatic islet cells, such as pancreatic
neuroendocrine tumors (NET), insulinomas, and carcinoid. Islet cell tumors have a 5-year survival
rate between 35-50% [1,2]. Islet neoplasia affects relatively young patients (age at diagnosis 50 years)
[3,4]. Patients with insulinoma in particular suffer horribly from uncontrollable hypoglycemia, for
which there is no effective treatment. Hypoglycemia results from hyperinsulinemia and manifests
with symptoms of neuroglycopenia, such as headache, dizziness, lethargy, diplopia, seizures and
sympathetic activation [3]. Surgery remains the most effective treatment modality, and there are no
effective adjuvant therapies. When synchronous resection of the primary tumor and metastases is
possible, recurrence rates remain high. Moreover, survival has not improved with systemic therapy

[5,6]. Thus, a need exists for novel and effective therapeutic approaches to treat NET.

Pancreatic duodenal homeobox-1 (PDX-1) is an embryonic transcription factor of pancreatic
organogenesis that is over expressed in most NET’s and all islet cell insulinomas. The transcription
factor PDX-1 gene is directly responsible for regulating insulin secretion in benign and malignant
sulinomas [7-10]. It is also found in a variety of cancers where it appears to be associated with
proliferation, differentiation, and migration, with a primary role in the development of NET and
pancreatic embryogenesis [7-14]. In the adult pancreas, PDX-1 is expressed by 90% of 3 cells, where
it has been shown to regulate expression of insulin, glucokinase, and glucose transporter type 2
(GLUT?2) [15-19]. These genes have a critical role in maintaining glucose homeostasis in both acute
and chronic hyperglycemia. In acute hyperglycemia, PDX-1 migrates from the cytoplasm to the
nucleus of P-cells and activates the insulin gene, the first step in increased insulin production and

secretion [20, 21].

PDX-1 was shown to be overexpressed in a number of cancers by the present inventors and others
[22-25]. In particular, the present inventors found that PDX-1 was overexpressed in more than 80
pancreatic cancers and islet cell neoplasias [26]. One hundred percent of insulinomas also have PDX-

1 overexpression. The inventors have recently demonstrated that PDX-1 regulates proliferation and
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invasion of pancreatic cancer and insulinoma cell lines [27]. It will be appreciated by those skilled in
the art that if the compositions and methods to modulate the overexpression of PDX-1 in cancers are
provided, such compositions and methods would have a positive value and represent a substantial
contribution to the art. Likewise, it will be appreciated by those versed in the drug delivery art that if a
delivery system is provided to bypass non-target organs and target the delivery of the therapeutic
agent to the target organs over expressing PDX-1, such a delivery system would be clinically useful in
the practice of medicine. A strategy for treating pancreatic adenocarcinoma by targeting PDX-1 is
provided in U.S. Patent No. 6,716,824 issued to Brunicardi (2004) that relates to a recombinant
nucleic acid for an RIP-tk (rat insulin promoter-thymidine kinase) construct that selectively targets
msulin secreting cells, such as B-cells, PDX-1 positive human pancreatic ductal carcinomas, and other
cells containing certain transcription factors. The Brunicardi invention is useful in the treatment of

pancreatic cancers, such as 3-cell insulinomas.

Preclinical studies confirm that RNA interference techniques (RNA1) can be used to silence cancer-
related targets [28-38]. In vivo studies have also shown favorable outcomes by RNAI targeting of
components critical for tumor cell growth [29, 39-42], metastasis [43-45], angiogenesis [46, 47], and
chemoresistance [48-50]. Applications of the RNAi technology initially employed two types of
molecules; the chemically synthesized double-stranded small interfering RNA (siRNA) or vector
based short hairpin RNA (shRNA). Although siRNA and shRNA can achieve similar knockdown
functions, siRNA and shRNA are intrinsically different molecules. shRNAs, which share the same
biogenesis pathways as the naturally occurring microRNAs (miRNAs), are processed and transported
to the cytoplasm where they load onto the RNA interference silencing complexes (RISC) [51]. The
primary transcripts of endogenous miRNAs are synthesized from genomic DNA in the nucleus as
long RNA strands with hairpin structures, which are processed to mature 21-23 base pair double
stranded miRNA by a series of endogenous RNase III enzymes. At least two RNase III enzyme
complexes are involved in the maturational process; first, the Drosha/DGCRS complex produces the
pre-miRNA hairpin structure which, following nuclear export, is incorporated into the RLC where the
second enzyme, Dicer, excises the loop producing the mature miRNA [52], the effector molecule that

is loaded onto RISC for RNAi [53].

The Argonaute (Ago) family of proteins commonly associates with the cytoplasmic RISC. These
proteins are involved in the loading of siRNA or miRNA, and are also implicated in both
transcriptional (targeting heterochromatin) and post-transcriptional gene silencing. The guide strand
of siIRNA or miRNA loaded onto Ago-complexed RISCs seeks out target mRNAs with sequence
complementarity. Endonucleolytically active Ago-2 cleaves mRNA to initiate mRNA degradation
[54, 55]. Alternatively, partial complementary binding to the 3° UTR of the targeted mRNA achieves
translational repression through sequestration in processing bodies (P-bodies) [56]. Deadenylation
leading to destabilization of the target mRNA has been observed in P-bodies [57, 58]. There is now

compelling evidence in numerous animal models that RNAi-mediated gene knockdown is potent,
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specific, and well tolerated. These findings provide the scientific rationale for the translation of RNA1
therapeutics into the clinic. At least 10 RNAi-based drugs are now in early phase clinical trials [59],
four of which are cancer related [60-63]. Additional siRNAs have also demonstrated efficacy in

animal models [60,61,64] and safety in non-human primates [65].

U.S. Patent Application No. 2009/0163431 (Kazhdan et al., 2009) discloses methods and
compositions for inhibiting PDX-1. An anti-PDX-1 agent included in inventive methods and
compositions that includes an antibody, an aptamer, an antisense oligonucleotide, a ribozyme and/or
an inhibitory compound. Methods of inhibiting PDX-1 expression in a tumor cell are provided by the
present invention which include contacting a tumor cell with an effective amount of an anti-PDX-1
agent highly or completely complementary to a specified region of an RNA molecule encoding PDX-
1. Such an agent specifically hybridizes with the RNA molecule encoding PDX-1 and inhibits the
expression of a PDX-1 gene in the tumor cell. Compositions including anti-PDX-1 siRNA and/or
shRNA are described. Recombinant expression constructs encoding anti-PDX-1 siRNA or shRNA

according to the present invention are described.
Disclosure of the Invention

The present invention includes a PDX bi-shRNA, for concurrently inducing translational repression
and post-transcriptional mRNA degradation of its target. The PDX bi-shRNA construct achieves
higher efficacy and prolonged activity as compared to siRNAs with the same mRNA target
specificity.  The inventors have shown that PDX-1 knockdown induces apoptosis, arrests
proliferation, and reduces invasiveness of NET cancer cells, and improves survival of SCID mice
bearing carcinoma xenografts. The inventors have also demonstrated that multiple treatments of IV
(intravenous) BIV liposomal PDX-1 shRNA resulted in near complete ablation of human PC
xenografts in SCID mice and have confirmed response and survival advantage in a murine insulinoma

model.

Bilamellar invaginated vesicles (BIV) are a delivery system in which temporarily masked, targeted
liposomes are used to deliver therapeutics into cells by fusion with the cells membrane. These masked
stealthed liposomes achieve higher transfection efficiencies by avoiding the endocytotic pathway. The
Copernicus compacted nucleic acid delivery technology is another non-viral synthetic and modular
platform in which single molecules or DNA or RNA are compacted by polycations to yield
nanoparticles with very high transfection efficiencies. The inventors have developed a novel cancer
therapy approach by packaging of compacted shRNA-containing DNA nanoparticles in masked
stealthed BIV liposomes.

The present invention includes an expression vector comprising a promoter and a nucleic acid insert
operably linked to the promoter, wherein the insert encodes one or more short hairpin RNAs (shRNA)
capable of hybridizing to a region of a transcript encoding the PDX-1 transcription factor. The

binding of the shRNA to the transcript inhibits PDX-1 expression via RNA interference. The shRNA
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may be bifunctional, incorporating both siRNA (cleavage-dependent) and miRNA (cleavage-
independent) motifs simultaneously. In one embodiment of the present invention, the shRNA 1is both
the cleavage-dependent and cleavage-independent inhibitor of PDX-1 expression. The mRNA
sequences targeted by the shRNA are not limited to the 3° untranslated (UTR) region of the PDX-1
mRNA franscript; in one embodiment of the present invention, the shRNA may target coding
sequences. In one aspect the one or more shRNA comprise a sequence selected from the group
consisting of SEQ. ID NO: 3, SEQ. ID NO: 4, SEQ. ID NO: 5, SEQ. ID NO: 6, SEQ. ID NO: 7, SEQ.

ID NO: 8, and combinations or modifications thereof.

The present invention also provides a system to deliver the SiRNAs to the PDX-1 mRNA target. The
delivery system comprises a therapeutic agent carrier, such as a liposome, coupled to an expression
vector comprising a promoter and a nucleic acid insert operably linked to the promoter, wherein the
sert encodes one or more short hairpin RNAs (shRNA) capable of hybridizing to a region of a
transcript encoding the PDX-1 transcription factor. The one or more shRNA comprise a sequence
selected from the group consisting of SEQ. ID NO: 3, SEQ. ID NO: 4, SEQ. ID NO: 5, SEQ. ID NO:
6, SEQ. ID NO: 7, SEQ. ID NO: 8, and combinations or modifications thereof. The binding of the
shRNA to the transcript inhibits PDX-1 expression via RNA interference. The shRNA may be
bifunctional, incorporating both siRNA (cleavage-dependent) and miRNA (cleavage-independent)
motifs. In one embodiment of the present invention, the shRNA is both the cleavage-dependent and
cleavage-independent inhibitor of PDX-1 expression. The mRNA sequences targeted by the ShRNA
are not limited to the 3° untranslated (UTR) region of the PDX-1 mRNA transcript; in one
embodiment of the present invention, the sShRNA may target coding sequences. The therapeutic agent
carrier may be a compacted DNA nanoparticle. In one embodiment, the DNA of the expression vector
may be compacted by combining it with polycations. More particularly, the DNA may be compacted
by combining it with CK;3PEG10k, a 10 kD polyethylene glycol (PEG) modified with a peptide
comprising a N-terminus cysteine and 30 lysine residues. The therapeutic agent carrier may also be a
liposome in which the DNA may be compacted by combining it with a 30 mer lysine condensing
peptide. In one embodiment, the liposome may be a bilamellar invaginated vesicle (BIV). The
liposome may be specifically targeted to a target tissue by decorating it with “smart” receptor
targeting moieties. In one example, the targeting moieties may be small molecule bivalent beta-turn
mimics. The liposome may be reversibly masked to bypass non-target organs. In one example,
reversible masking may be accomplished by coating the liposomes with small molecular weight lipids
(about 500 Mol. Wt. and lower) such as n-dodecyl-f-D-maltopyranoside. In another embodiment of
the present invention, the compacted DNA nanoparticle and liposome delivery systems may be
combined. Accordingly, compacted DNA nanoparticles containing the SiIRNA expression vector may
be encapsulated in liposomes. These compacted DNA-nanoparticle-containing liposomes may be

BIVs. The liposomes may be decorated with targeting moieties, and may also be reversibly masked.
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Another embodiment of the invention is a method to deliver a shRNA to a target tissue expressing
PDX-1 comprising the steps of (i) preparing an expression vector comprising a promoter, and an
msert of nucleic acid operably linked to the promoter encoding one or more shRNA capable of
hybridizing to a region of an mRNA transcript encoding PDX-1; (i1) combining the expression vector
with a therapeutic agent carrier; and, (iil) administering a therapeutically effective amount of the
expression vector and therapeutic agent carrier complex to a patient in need thereof. The therapeutic
agent carrier may be a compacted DNA nanoparticle. In one embodiment, the DNA of the expression
vector may be compacted by combining it with polycations. More particularly, the DNA may be
compacted by combining it with CK;,PEG10k. The therapeutic agent carrier may also be a liposome.
In one embodiment, the liposome may be a BIV. The liposome may be specifically targeted to a target
tissue by decorating it with “smart” receptor targeting moieties. In one example, the targeting moieties
may be small molecule bivalent beta-turn mimics. The liposome may be reversibly masked to bypass
non-target organs. In one example, reversible masking may be accomplished by coating the liposomes
with small molecular weight lipids (about 500 Mol. Wt. and lower) such as n-dodecyl- -D-
maltopyranoside. In another embodiment of the present invention, the compacted DNA nanoparticle
and liposome delivery systems may be combined. Thus, compacted DNA nanoparticles containing the
shRNA expression vector may be encapsulated in liposomes. These compacted DNA-nanoparticle-
containing liposomes may be BIVs. The liposomes may be decorated with targeting moieties, and
may also be reversibly masked. In one aspect the one or more shRNA comprise a sequence selected
from the group consisting of SEQ. ID NO: 3, SEQ. ID NO: 4, SEQ. ID NO: 5, SEQ. ID NO: 6, SEQ.
ID NO: 7, SEQ. ID NO: 8, and combinations or modifications thereof.

The present invention also provides a method to silence the expression of PDX-1 in target cells, the
method comprising the steps of (1) selecting a target cell; and (ii) transfecting the target cell with a
vector that expresses one or more shRNA capable of hybridizing to a region of an mRNA transcript
encoding PDX-1, wherein transfection of cancer cells with the vector inhibits PDX-1 expression via
RNA interference. The shRNA may be bifunctional, incorporating simultancously cleavage-
dependent and cleavage-independent motifs. In one embodiment of the present invention, the ShRNA
is both the cleavage-dependent and cleavage-independent inhibitor of PDX-1 expression. The mRNA
sequences targeted by the shRNA are not limited to the 3° untranslated (UTR) region of the PDX-1
mRNA franscript; in one embodiment of the present invention, the shRNA may target coding
sequences. The one or more shRNA comprise a sequence selected from the group consisting of SEQ.
ID NO: 3, SEQ. ID NO: 4, SEQ. ID NO: 5, SEQ. ID NO: 6, SEQ. ID NO: 7, SEQ. ID NO: 8, and

combinations or modifications thereof.

The present invention also includes a method of suppressing tumor cell growth in a cancer patient
comprising the steps of (1) identifying a patient in need of treatment of a tumor; and (i) transfecting
the tumor cell with a vector that expresses one or more shRNA capable of hybridizing to a region of

an mRNA transcript encoding PDX-1, wherein cancer cells transfected with the vector undergo
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apoptosis, arrested proliferation, or reduced invasiveness. The shRNA may be bifunctional,
incorporating simultaneously cleavage-dependent and cleavage-independent motifs and comprises a
sequence selected from the group consisting of SEQ. ID NO: 3, SEQ. ID NO: 4, SEQ. ID NO: 5,
SEQ. ID NO: 6, SEQ. ID NO: 7, SEQ. ID NO: 8, and combinations or modifications thereof. In one
embodiment of the present invention, the shRNA is both the cleavage-dependent and cleavage-
independent mmhibitor of PDX-1 expression. The mRNA sequences targeted by the shRNA are not
limited to the 37 untranslated (UTR) region of the PDX-1 mRNA transcript; in one embodiment of the
present invention, the shRNA may target coding sequences. More particularly, the targeted cancer

may be a pancreatic neuroendocrine tumor (NET).
Description of the Drawings

For a more complete understanding of the features and advantages of the present invention, reference
is now made to the detailed description of the invention along with the accompanying figures and in

which:

FIGS. 1A and 1B show the in vivo growth inhibitory activities of the bi-shRNAS™™! vector. FIG. 1A
shows the inhibition observed when a single intratumoral injection of bi-shRNAS™™!' lipoplex
(pGBI2) or scrambled control lipoplex (pGBI5) or suspension solution (D5W) was administered to
CCL-247 tumor xenografts. Value represents mean + SEM, FIG. 1B shows the growth inhibitory
activity of bi-shRNA®™™! on primary osteosarcoma xenografts in SCID mice. Six daily intratumoral

injections of bi-sh-RNAS™™! lipoplex or control were administered;

FIG. 2 shows the correlation of STMN1 mRNA target cleavage and cell growth inhibition comparing
bi-sh-STMN1 and siRNAS™™!' A composite dose response curve for bi-shRNAS™N' (red) and
SIRNAS™N! (yellow) correlated with STMN1 mRNA cleavage. The x-axis is increasing dose of
plasmid/siRNA concentration from left to right. The y-axis is percent cell survival after 24 hours of
treatment. Each data point represents the average of triplicate samples. The concentration range of bi-
ShRNAS™N! varied from 1.44 x 10> M to 5.63 x 10" M. The concentration range for siRNAS™N!
varied from 5 x 107 M to 1 x 10 M. Electropherogram inserts show 5° RACE product detected
from transfected CCL-247 cells indicating cleavage product;

FIGS. 3A and 3B show the effects of bi-functional shRNA on over-expressed human (FIG. 3A) and
mouse (FIG. 3B) PDX1 mRNA (SEQ. ID NOS. 1 and 2). Colon cancer CCL-247 cells were either
transfected with PDX-1 ¢cDNA expression vector only or co-transfected with PDX-1 ¢cDNA and bi-
shRNA expression vectors. pUMVC3 is the expression vector without insert control (SEQ. ID NO:
9). At 24,48, 72 and 96 hrs post transfection, total RNA were isolated for qRT-PCR. PDX-1 mRNA
level was normalized to GAPDH mRNA. Comparative PDX-1 mRNA level for each sample was

normalized to media only sample (without transfection);
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FIG. 4 shows the silencing effect of bi-functional ShRNA on human PDX-1 (SEQ. ID NO: 1). Colon
cancer CCL-247 cells were either transfected with species specific PDX-1 ¢cDNA expression vector
only or co-transfected with species specific PDX-1 ¢cDNA and bisRNA expressin vectors. pUMVC3
is the control expression vector without insert. At 48, 72 and 96 hrs post transfection, cells were

harvested for western immunoblot with monoclonal antibody specific for PDX-1 and for -actin;

FIGS. 5A and 5B show the identification of target-specific cleavage of human (FIG. 5A) and mouse
(FIG. 5B) PDX1 (SEQ. ID NOS. 1 and 2) by RACE-PCR; colon cancer CCL-247 cells were either
transfected with PDX-1 ¢cDNA expression vector only or co-transfected with PDX-1 ¢cDNA and bi-
shRNA expression vectors. pUMVC3 is the expression vector without insert control. At 24 and 96
hrs post transfection, total RNA were isolated for 5° RACE assay to detect target site cleavage

product. RT-PCR amplified cleavage product was shown on agarose gel electropherogram;

FIGS. 6A-6C show the effect of masking agent on CAT reporter gene production. FIG. 6A shows the
effect on lung, FIG. 6B shows the effect on heart, and FIG. 6C shows the effect on liver. Reduced
nonspecific localization in the lungs (FIG. 6A) and heart (FIG. 6B) are seen with increased masking
following intravenous injection in BALB/c mice. Masking is associated with enhanced CAT reporter

gene localization to intended targeting site (liver; FIG. 6C);

FIGS. 7A-7C shows the structures and functions of compacted DNA nanoparticles. FIG. 7A shows
electron micrographs of DNA nanoparticles compacted as ellipsoids or rods. Bar equals 100 nm, FIG.
7B shows liposome mixtures of naked or compacted DNA were added to log phase or growth arrested
neuroblastoma cells. Compacted DNA improves gene expression >1000-fold in post-mitotic cells and
6-8-fold in log phase cells, and FIG. 7C. Compacted DNA gene transfer in SCID mice bearing a colon
cancer flank explant, dosed either IV or as an intratumoral (IT) injection. IT injection generated high

levels of luciferase activity whereas IV dosing did not;

FIG. 8 shows the sequence specificity on the reduction of PDX-1 protein expression at 48 hrs post
transfection; colon cancer CCL-247 cells were either transfected with species specific PDX-1 ¢cDNA
expression vector only or co-transfected with species specific PDX-1 ¢cDNA and bisRNA expressin
vectors. pUMVC3 is the control expression vector without insert. At 48 hrs post transfection, cells

were harvested for western immunoblot with monoclonal antibody specific for PDX-1 and for B-actin;

FIGS. 9A and 9B show the blood glucose level of SCID mouse xenograft model over time after
treatment with bi-shRNA-PDX-1 lipoplex in vivo: B-TC-6 cell insulinoma model (FIG. 9A) and
PANC-1 pancreatic cancer model (FIG. 9B). SCID mice were implanted with tumor cells for two
weeks before treatment with 3 cycles of 50 pug of bi-shRNA-PDX-1 lipoplex. Fasting blood glucose
levels of treated and untreated mice were monitored at regular intervals for up to 90 days post

treatment;
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FIGS. 10A and 10B show the Kaplan-Meier Survival analysis: PANC-1 pancreatic cancer model
(FIG. 10A) and B-TC-6 cell insulinoma model (FIG. 10B); SCID mice implanted with tumor cells
were either not treated or treated with control vector lipoplex (pUMVC3) or with bi-shRNA-PDX-1

lipoplex (3 cycles at 30 pg per cycle). Mice were monitored for survival up to 90 days post treatment;

FIG. 11 shows the overexpression of PDX-1 in human insulinoma tumor and mouse TC-6 insulinoma

cells;
FIG. 12 shows the beta TC-6 cell cycle protein expression after mPDX-1RNA silencing;

FIG. 13 shows the survival of IV L-mPDX-1 shRNA treated mice in a murine insulinoma SCID

model;

FIG. 14 is a plot showing the tumor volume comparison data; and

FIG. 15 is a plasmid construct for making the novel bi-shRNA™*" of the present invention.
Description of the Invention

While the making and using of various embodiments of the present invention are discussed in detail
below, it should be appreciated that the present invention provides many applicable inventive
concepts that can be embodied in a wide variety of specific contexts. The specific embodiments
discussed herein are merely illustrative of specific ways to make and use the invention and do not

delimit the scope of the invention.

To facilitate the understanding of this invention, a number of terms are defined below. Terms defined
herein have meanings as commonly understood by a person of ordinary skill in the areas relevant to

[P LIS
a

the present invention. Terms such as an” and “the” are not intended to refer to only a singular
entity, but include the general class of which a specific example may be used for illustration. The
terminology herein is used to describe specific embodiments of the invention, but their usage does not

delimit the invention, except as outlined in the claims.

As used herein the term “nucleic acid” or “nucleic acid molecule” refers to polynucleotides, such as
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), oligonucleotides, fragments generated by
the polymerase chain reaction (PCR), and fragments generated by any of ligation, scission,
endonuclease action, and exonuclease action. Nucleic acid molecules can be composed of monomers
that are naturally-occurring nucleotides (such as DNA and RNA), or analogs of naturally-occurring
nucleotides (e.g., o-enantiomeric forms of naturally-occurring nucleotides), or a combination of both.
Modified nucleotides can have alterations in sugar moieties and/or in pyrimidine or purine base
moieties. Sugar modifications include, for example, replacement of one or more hydroxyl groups with
halogens, alkyl groups, amines, and azido groups, or sugars can be functionalized as ethers or esters.
Moreover, the entire sugar moiety can be replaced with sterically and electronically similar structures,
such as aza-sugars and carbocyclic sugar analogs. Examples of modifications in a base moiety include

alkylated purines and pyrimidines, acylated purines or pyrimidines, or other well-known heterocyclic
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substitutes. Nucleic acid monomers can be linked by phosphodiester bonds or analogs of such
linkages. Analogs of phosphodiester linkages include phosphorothioate, phosphorodithioate,
phosphoroselenoate, phosphorodiselenoate, phosphoroanilothioate, phosphoranilidate,
phosphoramidate, and the like. The term “nucleic acid molecule” also includes so-called “peptide
nucleic acids,” which comprise naturally-occurring or modified nucleic acid bases attached to a

polyamide backbone. Nucleic acids can be either single stranded or double stranded.

The term “expression vector” as used herein in the specification and the claims includes nucleic acid
molecules encoding a gene that is expressed in a host cell. Typically, an expression vector comprises
a transcription promoter, a gene, and a transcription terminator. Gene expression is usually placed
under the control of a promoter, and such a gene is said to be “operably linked to” the promoter.
Similarly, a regulatory element and a core promoter are operably linked if the regulatory element
modulates the activity of the core promoter. The term “promoter” refers to any DNA sequence which,
when associated with a structural gene in a host yeast cell, increases, for that structural gene, one or
more of 1) transcription, 2) translation or 3) mRNA stability, compared to transcription, translation or
mRNA stability (longer half-life of mRNA) in the absence of the promoter sequence, under
appropriate growth conditions.

The term “oncogene” as used herein refers to genes that permit the formation and survival of

malignant neoplastic cells (Bradshaw, T.K.: Mutagenesis 1, 91-97 (1986).

As used herein the term “receptor” denotes a cell-associated protein that binds to a bioactive molecule
termed a “ligand.” This interaction mediates the effect of the ligand on the cell. Receptors can be
membrane bound, cytosolic or nuclear; monomeric (e.g., thyroid stimulating hormone receptor, beta-
adrenergic receptor) or multimeric (e.g., PDGF receptor, growth hormone receptor, IL-3 receptor,
GM-CSF receptor, G-CSF receptor, erythropoietin receptor and IL-6 receptor). Membrane-bound
receptors are characterized by a multi-domain structure comprising an extracellular ligand-binding
domain and an intracellular effector domain that is typically involved in signal transduction. In certain
membrane-bound receptors, the extracellular ligand-binding domain and the intracellular effector

domain are located in separate polypeptides that comprise the complete functional receptor.

The term “hybridizing” refers to any process by which a strand of nucleic acid binds with a

complementary strand through base pairing.

The term “transfection” refers to the introduction of foreign DNA into eukaryotic cells. Transfection
may be accomplished by a variety of means known to the art including, e.g., calcium phosphate-DNA
co-precipitation, = DEAE-dextran-mediated  transfection, polybrene-mediated  transfection,
electroporation, microinjection, liposome fusion, lipofection, protoplast fusion, retroviral infection,

and biolistics.
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As used herein, the term “liposome” refers to a closed structure composed of lipid bilayers
surrounding an internal aqueous space. The term “polycation” as used herein denotes a material
having multiple cationic moieties, such as quaternary ammonium radicals, in the same molecule and

includes the free bases as well as the pharmaceutically-acceptable salts thereof.

The present invention includes a PDX bi-shRNA developed for the purpose of concurrently inducing
translational repression and post-transcriptional mRNA degradation of its target. The prototype
construct achieves higher efficacy and prolonged activity as compared to siRNAs with the same
mRNA target specificity. The inventors have shown that PDX-1 knockdown induces apoptosis,
arrests proliferation, and reduces invasiveness of NET cancer cells, and improves survival of SCID
mice bearing carcinoma xenografts. The inventors have also demonstrated that multiple treatments of
IV (intravenous) BIV liposomal PDX-1 shRNA resulted in near complete ablation of human PC
xenografts in SCID mice and have confirmed response and survival advantage in a murine insulinoma

model.

bi-shRNA: The present inventors have pioneered a third unique RNAi platform known as bi-
functional shRNA. Conceptually, RNAi can be achieved through shRNA-lpaded RISCs to promote
cleavage-dependent or cleavage-independent mRNA knockdown. Concomitant expression of both
configurations of shRNAs (hence the nomenclature, bi-functional shRNA) has been shown by us to
achieve more effective target gene knockdown at a more rapid onset of silencing (rate of mRNA and
protein turnover notwithstanding) with greater durability as compared with siRNA. The basic design
of the bi-functional shRNA expression unit comprises two stem-loop shRNA structures; one
composed of fully matched passenger and guide strands for cleavage-dependent RISC loading, and a
second stem-loop with a mismatched passenger strand (at positions 9-12) for cleavage-independent
RISC loading. This bi-functional design is, much more efficient for two reasons; first, the bi-
functional promotes guide strand loading onto distinct RISC types, hence promoting mRNA targeting;
second, the presence of cleavage-dependent and cleavage-independent RISCs against the same target
mRNA promotes silencing by both degradation and translational inhibition/sequestration processes.
The potent gene knockdown effector achieves spatial and temporal control by the multiplexed
shRNAs under the control of a single pol II promoter. The platform designed by the present inventors
mimics the natural process. Multiple studies by others and the literature support the approach of the

present inventors [66-70].

Using a miR30-scaffold, the inventors have produced novel bifunctional (bi-shRNA) against the
microtubule remodeling oncoprotein stathmin (STMNI1, oncoprotein 18, prosolin, pl9, opl8). Bi-
shRNAS™™N! demonstrated more effective silencing activity as compared with siRNAs to the same
target site. STMNI is critically involved in mitotic spindle formation [71, 72]. The bi-shRNAS™™N!
construct of the present invention demonstrates safe, effective target knockdown and significant dose

advantage in tumor cell killing when compared to siRNA to the same target. Moreover, significant
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tumor growth control and survival advantage was demonstrated by the bi-shRNAS™™! lipoplex in
vivo (FIGS. 1A and 1B). The inventors have validated intracellular transcription and processing of
both mature and effector molecules (dsSRNA with complete matching strands and dsRNA with
specified mismatches), using a RT-PCR method that can discriminate between matched and
mismatched passenger strands [73]. Most cancer cells have high Drosha and Dicer expression. There
has been controversy regarding endogenous Dicer levels in cancer cells [74]. Nonetheless, most
studies have indicated that sh or bi-sh RNAi knockdown is highly effective in cancer cells with even
low levels of Dicer expression [75]. The present inventors confirmed the expression of the predicted
matched and mismatched shRNAs that correspond to mature miRNA/siRNA components to bi-
shRNAS™N! a5 opposed to only having the fully matched passenger stranded in control siRNAS™M!
treated cells [76]. To further support the mechanism of the bi-sh RNAS™™! the findings of the studies
in the present invention with the 5> RACE method have confirmed the presence of STMN-1 cleavage
products with expected sequence corresponding to the target cleavage site of the siRNA (matched)
component of the bi-shRNAS™™! | Effective knockdown (93%) of STMNI1 expressive tumor cells was
observed, reflecting the outcome of both cleavage-dependent and independent-mediated knockdowns
of the bi-shRNAS™™! Fyrthermore, STMN1 mRNA kinetics observed following knockdown with the
separate component cleavage-dependent (GBI-1) and cleavage-independent (GBI-3) vectors

STMN1
A

compared to bi-shRN (GBI-2) were consistent with predicted mechanism.

STMNI
A

Having demonstrated the effector mechanism and functional efficacy of the bi-sh RN vector

the inventors further explored anticancer activity in vitro and successfully demonstrated effective cell

STMNI
A

kill in several cancer cell lines. Although targeting to the same sequence, bi-sh RN achieved an

ICso at 5 logs lower molar concentration than SIRNASTMN (F1G. 2).

Insulinoma 1is the most common type of islet cell tumor. Malignant insulinomas are devastating from
hyperinsulinemia and result in uncontrollable hypoglycemia. As discussed hereinabove pancreatic
duodenal homebox-1 (PDX-1) belongs to a homeodomain-containing transcription factor family and
plays a primary role in pancreatic organogenesis. PDX-1 maintains beta-cell function by regulating
transcription of insulin, glucokinase and glucose transporter type 2. PDX-1 is overexpressed in
msulinoma resulting in hyperinsulinemia. PDX-1 is also found to be commonly overexpressed in

pancreatic tumors. Metastatic pancreatic cancer has a 4-6 month survival from diagnosis.

shRNA knockdown PDX-1 in mouse insulinoma model: In order to demonstrate expression of PDX-1
in insulinoma, Dr. Brunicardi’s lab developed a potent antibody to PDX-1. Using this antibody the
present inventors have demonstrated that PDX-1 is significantly over expressed in murine insulinoma
to similar levels as in human insulinoma (FIG. 11). The inventors constructed a murine (mu) shRNA
to test effect of knockdown in a murine model. Studies are limited however because the lifespan of
these mice are 2-3 months due to uncontrollable hypoglycemia as the insulinoma increases in size. In

the initial study Beta TC-6 cells were treated with mu-shPDX-1 shRNA in vitro and MTS assay was
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done to assess cell viability. In comparison to empty vector, mu-shPDX-1 treated cells had substantial
reduction in cell proliferation over multiple time points. The inventors further demonstrated that DNA
synthesis was significantly reduced at multiple time points with knockdown and demonstrated
knockdown by Western blot of several cell cycle relevant proteins in response to PDX-1 knockdown

(FIG. 12).

Silencing of PDX-1 expression represents an attractive approach to inhibit tumor growth. The present
nventors designed a bi-functional shRNA to silence gene expression of PDX-1. MiR30-based bi-
functional sShRNA cassettes against either human PDX-1 (SEQ. ID NO: 1) or mouse PDX-1 (SEQ. ID
NO: 1) were cloned into pUMVC3 vector. FIG. 15 shows the plasmid construct for making the novel
bi-shRNAPP*!, Bi-functional sShRNAs targeting mouse or human PDX-1 were co-electroporated into
a human colon cancer cell line with expression vectors expressing either mouse or human PDX-1.
RACE-PCR was employed to examine potential cleavage products of human and mouse PDX1
mRNA. RT-QPCR and immunoblotting were used to examine the knockdown of expression of either

human PDX-1 or mouse PDX-1.
Human pancreatic and duodenal homeobox 1 (PDX1) mRNA (SEQ. ID NO: 1):

GOGTGGCECCGGGAGTGGGAACGCCACACAGTGCCAAATCCCCGGCTCCAGCTCCCGAC
TCCCGGCTCCCGGCTCCCGGCTCCCGOTGCCCAATCCCGGGCCGCAGCCATGAACGGCGA
GGAGCAGTACTACGCGGCCACGCAGCTTTACAAGGACCCATGCGCGTTCCAGCGAGGCCC
GGCGCCGGAGTTCAGCGCCAGCCCCCCTGCGTGCCTGTACATGGGCCGCCAGCCCCCGCC
GCCGCCGCCGCACCCGTTCCCTGGCGCCCTGGGCGCGCTGGAGCAGGGCAGCCCCCCGGA
CATCTCCCCGTACGAGGTGCCCCCCCTICGCCGACGACCCCGCGGTGGCGCACCTTCACCAC
CACCTCCCGGCTCAGCTCGCGCTCCCCCACCCGCCCGCCGGGCCCTTCCCGGAGGGAGCC
GAGCCGGGCGTCCTGGAGGAGCCCAACCGCGTCCAGCTGCCTITICCCATGGATGAAGTCT
ACCAAAGCTCACGCGTGGAAAGGCCAGTGGGCAGGCGGCGCCTACGCTGCGGAGCCGGA
GGAGAACAAGCGGACGCGCACGGCCTACACGCGCGCACAGCTGCTAGAGCTGGAGAAGGA
GTTCCTATTCAACAAGTACATCTCACGGCCGCGCCGGGTGGAGCTGGCTGTCATGTTGAAC
TTGACCGAGAGACACATCAAGATCTGGTTCCAAAACCGCCGCATGAAGTGGAAAAAGGAG
GAGGACAAGAAGCGCGGCGGCGGGACAGCTGTCGGGGGTGGCGGGGTCGCGGAGCCTGA
GCAGGACTGCGCCGTGACCTCCGGCGAGGAGCTTCTGGCGCTGCCGCCGCCGCCGCCCCC
CGGAGGTGCTGTIGCCGCCCGCTGCCCCCGTTGCCGCCCGAGAGGGCCGCCTGCCGCCTGG
CCTTAGCGCGICGCCACAGCCCTCCAGCGTCGCGCCTCGGCGGCCGCAGGAACCACGATG
AGAGGCAGGAGCTGCTCCTGGCTGAGGGGCTTCAACCACTCGCCGAGGAGGAGCAGAGG
GCCTAGGAGGACCCCGGGCGTGGACCACCCGCCCTGGCAGTTGAATGGGGCGGCAATTG
CGGGGCCCACCTTAGACCGAAGGGGAAAACCCGCTCTCTCAGGCGCATGTGCCAGTTGG
GGCCCCGCGGGTAGATGCCGGCAGGCCTTCCGGAAGAAAAAGAGCCATTGGTTTTTGTA
GTATTGGGGCCCTCTTTTAGTGATACTGGATTGGCGTTGTTTGTGGCTGTTGCGCACATCC
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CTGCCCTCCTACAGCACTCCACCTTGGGACCTGTTTAGAGAAGCCGGCTCTTCAAAGACA
ATGGAAACTGTACCATACACATTGGAAGGCTCCCTAACACACACAGCGGGGAAGCTGGG
CCGAGTACCTTAATCTGCCATAAAGCCATTCTTACTCGGGCGACCCCTTTAAGTTTAGAA
ATAATTGAAAGGAAATGTTTGAGTTTTCAAAGATCCCGTGAAATTGATGCCAGTGGAATA
CAGTGAGTCCTCCTCTTCCTCCTCCTCCTCTTCCCCCTCCCCTTCCTCCTCCTCCTCTTCTTT
TCCCTCCTCTTCCTCTTCCTCCTGCTCTCCTTTCCTCCCCCTCCTCTTTTCCCTCCTCTTCCT
CTTCCTCCTGCTCTCCTTTCCTCCCCCTCCTCTTTCTCCTCCTCCTCCTCTTCTTCCCCCTCC
TCTCCCTCCTCCTCTTCTTCCCCCTCCTCTCCCTCCTCCTCTTCTTCTCCCTCCTCTTCCTCT
TCCTCCTCTTCCACGTGCTCTCCTTTCCTCCCCCTCCTCTTGCTCCCCTTCTTCCCCGTCCTC
TTCCTCCTCCTCCTCTTCTTCTCCCTCCTCTTCCTCCTCCTCTTTCTTCCTGACCTCTTTCTT
TCTCCTCCTCCTCCTTCTACCTCCCCTTCTCATCCCTCCTCTTCCTCTTCTCTAGCTGCACA
CTTCACTACTGCACATCTTATAACTTGCACCCCTTTCTTCTGAGGAAGAGAACATCTTGCA
AGGCAGGGCGAGCAGCGGCAGOGGCTGGCTTAGGAGCAGTGCAAGAGTCCCTGTGCTCCA
GTTCCACACTGCTGGCAGGGAAGGCAAGGGGGGACGGGCCTGGATCTGGGGGTGAGGG
AGAAAGATGGACCCCTGGOGTGACCACTAAACCAAAGATATTCGGAACTTTCTATTTAGG
ATGTGGACGTAATTCCTGTTCCGAGGTAGAGGCTGTGCTGAAGACAAGCACAGTGGCCT
GOTGCGCCTTGGAAACCAACAACTATTCACGAGCCAGTATGACCTTCACATCTTTAGAAA
TTATGAAAACGTATGTGATTGGAGGGTTTGGAAAACCAGTTATCTTATTTAACATTTTAA
AAATTACCTAACAGTTATTTACAAACAGGTICTGTGCATCCCAGGTCTGTCTTCTTTTCAA
GOTCTGGGCCTTGTGCTCGGGTTATGTTTGTGGGAAATGCTTAATAAATACTGATAATAT
GGGAAGAGATGAAAACTGATTCTCCTCACTTTGTTTCAAACCTTTCTGGCAGTGGGATGA
TTCGAATTCACTTTTAAAATTAAATTAGCGTGTTTTGTTTTG

In the sequence presented hereinabove the coding region is represented in bold italics, and the primary

and the secondary target sites represented are underlined and bolded, respectively.

Mouse pancreatic and duodenal homeobox 1 (PDX1) mRNA (SEQ. ID NO: 2):
GTCAAAGCGATCTGGGGTGGCGTAGAGAGTCCGCGAGCCACCCAGCGCCTAAGGCCTGAG
CTTGTAGCTCCGACCCGGGGCTGCTGGCCCCCAAGTGCCGGCTGCCACCATGAACAGTGA
GGAGCAGTACTACGCGGCCACACAGCTCTACAAGGACCCGTGCGCATTCCAGAGGGGCCC
GGTGCCAGAGTTCAGCGCTAACCCCCCTGCGTGCCTGTACATGGGCCGCCAGCCCCCACCT
CCGCCGCCACCCCAGTTTACAAGCTCGCTGGGATCACTGGAGCAGGGAAGTCCTCCGGAC
ATCTCCCCATACGAAGTGCCCCCGCTCGCCTCCGACGACCCGGCTGGCGCTCACCTCCACC
ACCACCTITCCAGCTCAGCTCGGGCTCGCCCATCCACCTCCCGGACCTITTICCCGAATGGAAC
CGAGCCTGGGGGCCTGGAAGAGCCCAACCGCGTCCAGCTCCCTTTCCCGTGGATGAAATC
CACCAAAGCTCACGCGTGGAAAGGCCAGTGGGCAGGAGGTGCTTACACAGCGGAACCCGA
GGAAAACAAGAGGACCCGTACTGCCTACACCCGGGCGCAGCTGCTGGAGCTGGAGAAGGA
ATTCTTATTTAACAAATACATCTCCCGGCCCCGCCGGGTGGAGCTGGCAGTGATGTTGAAC
TTGACCGAGAGACACATCAAAATCTGGTTCCAAAACCGTCGCATGAAGTGGAAAAAAGAGG
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AAGATAAGAAACGTAGTAGCGGGACCCCGAGTGGGGGCGGTGGGGGCGAAGAGCCGGAG
CAAGATTGTGCGGTGACCTCGGGCGAGGAGCTGCTGGCAGTGCCACCGCTGCCACCTCCC
GGAGGTGCCGTGCCCCCAGGCGTCCCAGCTGCAGTCCGGGAGGGCCTACTGCCTTCGGGC
CITAGCGTGTCGCCACAGCCCTCCAGCATCGCGCCACTGCGACCGCAGGAACCCCGGTGA
GGACAGCAGTCTGAGGGTGAGCGGOGTCTGGGACCCAGAGTGTGGACGTGGGAGCGGGC
AGCTGGATAAGGGAACTTAACCTAGGCGTCGCACAAGAAGAAAATTCTTGAGGGCACGA
GAGCCAGTTGGGTATAGCCGGAGAGATGCTGGCAGACTTCTGGAAAAACAGCCCTGAGC
TTCTGAAAACTTTGAGGCTGCTTCTGATGCCAAGCGAATGGCCAGATCTGCCTCTAGGAC
TCTTTCCTGGGACCAATTTAGACAACCTGGGCTCCAAACTGAGGACAATAAAAAGGGTA
CAAACTTGAGCGTTCCAATACGGACCAGC

In the sequence presented hereinabove the coding region is represented in bold italics and the target

site represented is underlined.

FIGS. 3A and 3B show the effects of bi-functional shRNA on forced over-expressed human and
mouse PDXI1, respectively. The silencing effect of bi-functional shRNA on human PDX-1 was
observed 24 hrs after transfection and lasted for at least 96 hrs (FIG. 4). The maximum silencing
effect, 80% knockdown of human PDX-1, was achieved 72 hrs after transfection. Moreover, bi-
functional shRNA targeting mouse PDX-1 (with 68% homology to human sequence) did not affect
the expression of human PDX-1 (FIG. 8). Similarly, expression of mouse PDX-1 was silenced 24 hrs
after transfection and the silencing effects lasted for at least for 96 hrs (FIG. 4). The maximum
silencing effect, 95% of mouse PDX-1 expression, was observed 48 hrs after transfection. Moreover,
bi-functional shRNAs targeting human PDX-1 (with 79% sequence homology to mouse sequence) did
not alter the expression of mouse PDX-1 either (FIG. 8).

Cleavage products of human and mouse PDX-1 mRNA as identified by RACE-PCR 1is seen in FIGS.
5A and 5B, respectively. FIGS. 5A and 5B showed that both human PDX1 mRNA and mouse PDX1
mRNA were precisely cleaved in the center of target region as predicted. In addition, the bi-functional
shRNA targeting human PDX-1 did not cause the cleavage of the mouse PDX-1 mRNA and vice

versa.

The study presented hereinabove demonstrated the efficacy and species-specificity of bi-functional
shRNAs targeting either human or mouse PDXI. Bi-shRNA"™P*! knocked down human PDXI
expression and presented no silencing effects on mouse PDX1 expression. Similarly, Bi-
shRNA™ *'knocked down mouse PDX1 expression and presented no silencing effects on human

PDX1 expression.

Liposomal delivery system: The liposomal delivery system previously validated by the inventors
mvolved 1,2-dioleoyl-3-trimethyl-ammoniopropane (DOTAP) and cholesterol [77]. This formulation
combines with DNA to form complexes that encapsulate nucleic acids within bilamellar invaginated

vesicles (liposomal BIVs). One of the inventors has optimized several features of the BIV delivery
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system for improved delivery of RNA, DNA, and RNA1 plasmids. The liposomal BIVs are fusogenic,
thereby bypassing endocytosis mediated DNA cell entry, which can lead to nucleic acid degradation
[78] and TLR mediated off-target effects. This liposomal delivery system has been used successfully
in clinical trial by the present inventors and others [79-83]. Cumulative studies over the last decade
indicate that the optimized delivery vehicle needs to be a stealthed (commonly achieved by
PEGylation) nanoparticle with a zeta potential of < 10 mV for efficient intravascular transport [84-86]
in order to minimize nonspecific binding to negatively-charged serum proteins such as serum albumin
(opsonization) [87]. Incorporation of targeting moieties such as antibodies and their single chain
derivatives (scFv), carbohydrates, or peptides may further enhance transgene localization to the target

cell.

The present inventors have created targeted delivery of the complexes in vivo without the use of PEG
thereby avoiding an excessively prolonged circulatory half-life [86, 88-90]. While PEGylation is
relevant for DNA or siRNA oligonucleotide delivery to improve membrane permeability, this
approach has been shown by the inventors and others to cause steric hindrance in the BIV liposomal
structures, resulting in inefficient DNA encapsulation and reduced gene expression. Furthermore,
PEGylated complexes enter the cell predominantly through the endocytic pathway, resulting in
degradation of the bulk of the nucleic acid in the lysosomes. While PEG provides extremely long half-
life in circulation, this has created problems for patients as exemplified by doxil, a PEGylated
liposomal formulation that encapsulates the cytotoxic agent doxorubicin [90-92]. Attempts to add
ligands to doxil for delivery to specific cell surface receptors (e.g. HER2/neu) have not enhanced

tumor-specific delivery [93].

Based on this reasoning, the BIVs of the present invention were produced with DOTAP, and synthetic
cholesterol using proprietary manual extrusion process [94]. Furthermore, the delivery was optimized
using reversible masking technology. Reversible masking utilizes small molecular weight lipids
(about 500 Mol. Wt. and lower; e.g. n-dodecyl-B-D-maltopyranoside) that are uncharged and, thereby,
loosely associated with the surface of BIV complexes, thereby temporarily shielding positively
charged BIV complexes to bypass non-targeted organs. These small lipids are removed by shear force
in the bloodstream. By the time they reach the target cell, charge is re-exposed (optimally ~45 mV) to
facilitate entry. FIG. 6A shows the optimization of intravenous lung, and FIG. 6B shows the
optimization of intravenous heart transfection with a BIV encapsulating CAT-encapsulating plasmid
in BALB/¢c mice. There was minimal transfection when the reverse masked-complexes circulate
systemically, despite having 4.8 mV in charge as measured on a zeta potential analyzer. These
complexes reverted to their native charged state (45.5 mV) as masking reversibly dissociates from the
BIV complexes, thereby promoting cell entry by membrane fusion and a high level of transgene
(CAT) expression in liver hepatocytes (FIG. 6C). Transgene expression was increased by over
100-fold, and nearly matched CAT levels produced in the lungs using the “generic” BIV complexes.

Using reversible masking, no CAT production was observed in any other organ.
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One reason that our BIV delivery system is uniquely efficient is because the complexes deliver
therapeutics into cells by fusion with the cell membrane and avoid the endocytic pathway. The two
major entry mechanisms of liposomal entry are via endocytosis or direct fusion with the cell
membrane. The inventors found that nucleic acids encapsulated in BIV complexes delivered both in
vitro and in vivo enter the cell by direct fusion and that the BIVs largely avoid endosomal uptake, as
demonstrated in a comparative study with polyethylene-amine (PEI) in mouse alveolar macrophages.
PEI is known to be rapidly and avidly taken up into endosomes, as demonstrated by the localization of

> 95% of rhodamine labeled oligonucleotides within 2—3 hrs post-transfection [95-97].

Cancer targeted delivery with decorated BIVs: Recently, Bartlett and Davis showed that siRNAs that
were delivered systemically by tumor-targeted nanoparticles (NPs) were significantly more effective
in inhibiting the growth of subcutaneous tumors, as compared to undecorated NPs [98]. Targeted
delivery did not significantly impact pharmacokinetics or biodistribution, which remain largely an
outcome of the EPR (enhanced permeability and retention) effect [95], but appeared to improved

transgene expression through enhanced cellular uptake [95-97].

Indeed, a key “missing piece” in development of BIVs for therapeutic use has been the identification
of such non-immunogenic ligands that can be placed on the surface of BIV-complexes to direct them
to target cells. While it might be possible to do this with small peptides that are multimerized on the
surface of liposomes, these can generate immune responses after repeated injections. Other larger
ligands including antibodies, antibody fragments, proteins, partial proteins, etc. are far more refractory
than using small peptides for targeted delivery on the surface of liposomes. The complexes of the
present invention are thus unique insofar as they not only penetrate tight barriers including tumor
vasculature endothelial pores and the interstitial pressure gradient of solid tumors [99], but also target
tumor cells directly. Therefore, the therapeutic approach of the present invention is not limited to

delivery solely dependent on the EPR effect but targets the tumor directly [100-102].

Small molecules designed to bind proteins selectively can be used with the present invention.
Importantly, the small molecules prepared are “bivalent” so they are particularly appropriate for
binding cell surface receptors, and resemble secondary structure motifs found at hot-spots in protein-
ligand interactions. The Burgess group has had success in designing bivalent beta-turn mimics that
have an affinity for cell surface receptors [103-105]. The strategy has been adapted by the present
ventors to give bivalent molecules that have hydrocarbon tails, and we prepared functionalized BIV
complexes from these adapted small molecules. An efficient high throughput technology to screen the

library was developed and run.

Compacted DNA Nanoparticles: Safe and Efficient DNA Delivery in Post-Mitotic Cells: The
Copernicus nucleic acid delivery technology is a non-viral synthetic and modular platform in which
single molecules of DNA or siRNA are compacted with polycations to yield nanoparticles having the

minimum possible volume [106]. The polycations optimized for in vivo delivery is a 10 kDa
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polyethylene glycol (PEG) modified with a peptide comprising a N-terminus cysteine and 30 lysine
residues (CK;3;0PEG10k). The shape of these complexes is dependent in part on the lysine counterion
at the time of DNA compaction [107]. The minimum cross-sectional diameter of the rod nanoparticles
is 8-11 nm irrespective of the size of the payload plasmid, whereas for ellipsoids the minimum
diameter is 20-22 nm for typical expression plasmids (FIG. 7A) [107]. Importantly, these DNA
nanoparticles are able to robustly transfect non-dividing cells in culture. Liposome mixtures of
compacted DNA generate over 1,000-fold enhanced levels of gene expression compared to liposome
naked DNA mixtures (FIG. 7B). Following in vivo dosing, compacted DNA robustly transfects post-
mitotic cells in the lung [108], brain [109, 110], and eye [111, 112]. In each of these systems the
remarkable ability of compacted DNA to transfect post-mitotic cells appears to be due to the small

size of these nanoparticles, which can cross the cross the 25 nm nuclear membrane pore [106].

One uptake mechanism for these DNA nanoparticles is based on binding to cell surface nucleolin (26
nm Kp), with subsequent cytoplasmic trafficking via a non-degradative pathway into the nucleus,
where the nanoparticles unravel releasing biologically active DNA [113]. Long-term in vivo
expression has been demonstrated for as long as 1 year post-gene transfer. These nanoparticles have a
benign toxicity profile and do not stimulate toll-like receptors thereby avoiding toxic cytokine
responses, even when the compacted DNA has hundreds of CpG islands and are mixed with
liposomes, no toxic effect has been observed [114,115]. DNA nanoparticles have been dosed in
humans in a cystic fibrosis trial with encouraging results, with no adverse events attributed to the

nanoparticles and with most patients demonstrating biological activity of the CFTR protein [116].

In initial collaborative studies between the present inventors and Copernicus (Cleveland, OH),
compacted DNA was administered to SCID mice bearing colon cancer tumor explants by either a tail
vein or an intratumoral (IT) injection (FIG. 7C). Although IV injection did not produce gene transfer,
there was remarkably high level gene transfer following IT dosing, indicating that these DNA

nanoparticles are highly active in transfecting tumors after local delivery.

Novel delivery system: Since systemic gene transfer to the primary tumor and metastatic sites is
desired, compacted DNA tumor delivery can be facilitated by packaging these nanoparticles
comprised of DNA compacted by combining it with a 30 mer lysine condensing peptide in proprietary
BIV liposomes. This novel coupling of compacted DNA and masked stealth liposomes represents a

novel cancer gene therapy approach.

As seen hereinabove silencing PDX-1 expression by RNA interference in pancreatic cancer cell line
PANC-1 inhibited cell proliferation in vitro and suppressed tumor growth in vivo with increased
tumor cell apoptosis. Based on this strategy the inventors have developed a bifunctional shRNA (bi-
shRNA-PDX-1) for clinical application for the treatment of insulinoma, pancreatic cancer and
neuroendocrine tumors. Further the inventors demonstrate efficacy in vitro and efficacy in vivo with

insulinoma/SCID model and with PANC-1/SCID pancreatic tumor model.
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In vitro knockdown efficacy was assessed by western immunoblot and qRT-PCR analysis of PDX-1
expression in PDX-1 negative human cancer cell line (HCT116) with co-transfection of PDX-1 and
bi-shRNA expression vectors (FIG. 3A, 3B, 4 and 8). Animal models were created by intraperitoneal
(IP) injection of 1 x 10° B-TC-6 cells for in vivo insulinoma model or 5 x 10° PANC-1 cells for PC
model. Two weeks after the inoculation, mice were randomly divided into two groups for each model;
one group was given lipoplex (DOTAP:Cholesterol liposome plasmid complex) containing 35 pg of
control vector (plasmids without shRNA insert) and the second group was given lipoplex containing
35 pg of either mouse specific bi-msh-PDX-1 (for insulinoma model) or human specific bi-hsh-PDX-
1 (for PC model) via tail vein injection. Two repeated deliveries were made every 2 weeks for a total
of 3 injections. Blood insulin and glucose levels were monitored at regularly scheduled intervals. At 2
weeks, 10 weeks and 18 weeks after the third injection, 6 mice from each group were killed for

pathology and tumor evaluation.

HCT116 human cancer cells were electroporated with 1:1 ratio of plasmids. PDX-1 mRNA was
quantitatively compared using qRT-PCR with AACt method (FIGS. 3A and 3B). The mRNA level
was compared to empty vector control to arrive at % expression as summarized in Table 1. PDX-1

mRNA were analyzed at 24, 48 and 72 hrs post transfection.

Table 1: Reduction of PDX-1 mRNA expression monitored over 72 hrs post transfection.

Plasmids 24 hrs | 48 hrs | 72 hrs | Pladmids 24hrs (48 hrs | 72 hrs
hPDX-1+empty 100% | 100% | 100% [ mPDX-1+empty 100% | 100% | 100%
hPDX-1+hbi-shRNA 53% 39% 20% mPDX-1+hbi-shRNA 75% 114% | 143%
hPDX-1+mbi-shRNA | 103% | 129% [ 102% [ mPDX-1+mbi-shRNA | 47% 36% 24%

Human and mouse specific bi-shRNA-PDX-1 show effective and species specific knockdown of

PDX-1 mRNA expression in vitro.

Blood glucose level of fasting mice was determined at 7 days after each of the first two cycles of
treatment, day 45 and day 90. In the mouse insulinoma model treatment with mbi-shRNA-PDX-1
effectively rescued mice from B-TC-6 cell induced hypoglycemia (FIG. 9A) while hbi-shRNA-PDX-1
has no effect on blood glucose level with pancreatic cancer model (FIG. 9B). In the B-TC-6
insulinoma model all untreated mice died before day 90 measurement. The results of PANC-1

pancreatic cancer model are shown in FIG. 9B.

A Kaplan-Meier Survival analysis further demonstrate benefit of bi-shRNA-PDX-1 treatment for
PANC-1 (FIG. 10A) and B-TC-6 insulinoma model (FIG. 10B). For insulinoma model, 10 mice in the
treatment group (treated for 3 cycles with 30 ug each of mbi-shRNA-PDX-1 lipoplex and 10 mice in
the control group (treated for 3 cycles with 30 ug each of lipoplex containing pUMVC3 vector
without bi-shRNA insert) were monitored for survival. The survival was monitored for a period of 95

days. For PC model, 5 PANC-1 inoculated mice were not treated, 10 mice were treated for 3 cycles
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with 30 ug each of lipoplex containing pUMVC3 vector without bi-shRNA insert and 15 mice were
treated for 3 cycles with 30 ug each of hbi-shRNA-PDX-1 lipoplex. 5 mice from each group were
sacrificed at day 60 and 90 for tumor volume comparison. At 60 days post treatment, 100% of
untreated mice developed tumors with an average of 1330.75 mm? in size, while only 50% of treated
mice had visible tumors with average of 50.5 mm’® in size. At 90 days post treatment, 37.5% of
treated mice had no visible tumor and the remainder mice had tumors with an average size of 36.7
mm’. The results of the tumor volume comparison study are presented in Table 2 and are shown in

FIG. 14.

Survival was also enhanced in SCID mice following IV infusion of BIV liposomally delivered
ShRNAPPX! (L-mu-shRNAPP*!) and appeared to be correlated with the number of L-mu-shRNAPP*!
injections (FIG. 13). The lipoplex (i.e., the lipid-plasmid complex used for the in vivo studies) is
denoted by the prefix “L-“ to differentiate it from just the vector. Reduced insulin and elevated

glucose levels corresponded to L-mu-shRNA*!

treatment outcome of insulinoma growth inhibition.
Animal tumor responses following treatment with L-mu-shPDX-1 were correlated with detection of
PDX-1 knockdown in the insulinoma cells by flow cytometry as well as knockdown of cell cycle
proteins (cyclin E, cdk4, cdk2) and upregulation of cyclin dependent kinase inhibitors (p27).
Apoptosis was also demonstrated. The inventors have further demonstrated dose related survival
advantage in PDX-1 expressive human pancreatic cancer murine xenograft models to IV infusion of

ShRNAPP*! Jipoplex.

Table 2: Tumor volume comparison study.

Sample % Tumor | Average Tumor Volume
90 day No treatment 100% 1330.75 mm?
90 day Control treatment 100% 1199.5 mm?
90 day treatment 50% 50.5 mm?
120 day treatment 62.5% 36.7 mm?

Novel bi-shRNA™*!: To apply the bi-functional SIRNA strategy, the present inventors constructed

APPX! The mu-bi-shRNAPP*! consists of two stem-loop

and validated a murine (mu)-bi-shRN
structures with miR-30a backbone. The first stem-loop structure has a complete complementary guide
strand and passenger strand, while the second stem-loop structure has two base pair mismatches at
positions 10 and 11 of the passenger strand. The mu-bi-shRNAPX!

#741 of the mouse PDX-1 mRNA (NM_008814).

is targeted at nucleotides #723 -

The mu-bi-sShRNAPPX" expression unit was assembled together with a combination of

oligonucleotides. The assembled expression unit with Sal I and Not I sites at the 5° and 3° ends,
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respectively, was inserted into the Sal I and Not I sites of pUMVC3. The insert sequences were
confirmed by sequencing from both directions with primers flanking the insert. Stem-loop RT-PCR
method developed for the detection of microRNA was utilized to detect the mature shRNA in mu-bi-
ShRNA™* transfected cells. The inventors further validated activity of mu-bi-shRNAP”*! with the
5’ RACE assay to detect target site cleavage.

The insert sequences of the bi-shRNA plasmids of the instant invention are presented herein below:

pGBI-20: Human bi-shRNA-PDX1 (SEQ. ID NO: 3):
TCGACTGCTGTTGAAGTGAGCGCCAGTTCCTATTCAACAAGTATAGTGAAGCCACAGATG
TATACTTGTTGAATAGGAACTGTTGCCTACTGCCTCGGAAGCAGCTCACTACATTACTCA
GCTGTTGAAGTGAGCGCCAGTTCCTATCTAACAAGTATAGTGAAGCCACAGATGTATACT
TGTTGAATAGGAACTGTTGCCTACTGCCTCGGAAGCTTAATAAAGGATCTTTTATTTTCAT
TGGC

The underlined portion in SEQ. ID NO: 3 (comprising nucleic acid residues from 25 to 43) represents

a primary target site.

pGBI-21: Human bi-shRNA-PDX-1 (SEQ. ID NO: 4):
TCGACTGCTGTTGAAGTGAGCGCCAGTTCCTATTCAACAAGTATAGTGAAGCCACAGATG
TATACTTGTTGAATAGGAACTGTTGCCTACTGCCTCGGAAGCTTAATAAAGGATCTTTTA
TTTTCATTGGC

pGBI-22: human bi-shRNA-PDX-1 (SEQ. ID NO: 5):
TCGACTGCTGTTGAAGTGAGCGCCCAGTTATTTACAAACAGGTTAGTGAAGCCACAGATG
TAACCTGTTTGTAAATAACTGGTTGCCTACTGCCTCGGAAGCAGCTCACTACATTACTCA
GCTGTTGAAGTGAGCGCCCAGTTATTTCTAAACAGGTTAGTGAAGCCACAGATGTAACCT
GTTTGTAAATAACTGGTTGCCTACTGCCTCGGAAGCTTAATAAAGGATCTTTTATTTTCAT
TGGC

pGBI-23: human bi-shRNA-PDX-1 (SEQ. ID NO: 6):
TCGACTGCTGTTGAAGTGAGCGCCCAGTTATTTACAAACAGGTTAGTGAAGCCACAGATG
TAACCTGTTTGTAAATAACTGGTTGCCTACTGCCTCGGAAGCTTAATAAAGGATCTTTTAT
TTTCATTGGC

pGBI-24: mouse bi-shRNA-PDX-1 (SEQ ID NO: 7):
TCGACTGCTGTTGAAGTGAGCGCCGGAAGATAAGAAACGTAGTTAGTGAAGCCACAGAT
GTAACTACGTTTCTTATCTTCCGTTGCCTACTGCCTCGGAAGCAGCTCACTACATTACTCA
GCTGTTGAAGTGAGCGCCGGAAGATAAACAACATAGTTAGTGAAGCCACAGATGTAACT
ACGTTTCTTATCTTCCGTTGCCTACTGCCTCGGAAGCTTAATAAAGGATCTTTTATTTTCA
TTGGC
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The underlined portion in SEQ. ID NO: 4 (comprising nucleic acid residues from 25 to 43) represents

a primary target site.

pGBI-25: mouse bi-shRNA-PDX-1 (SEQ. ID NO: 8):
TCGACTGCTGTTGAAGTGAGCGCCGGAAGATAAGAAACGTAGTTAGTGAAGCCACAGAT
GTAACTACGTTTCTTATCTTCCGTTGCCTACTGCCTCGGAAGCTTAATAAAGGATCTTTTA
TTTTCATTGGC

The construction of a novel bi-shRNA therapeutic of the present invention represents a state-of-the art
approach that can reduce the effective systemic dose needed to achieve an effective therapeutic
outcome through post-transcriptional gene knockdown. Effective and clinically applicable delivery
approaches are in place that can be rapidly transitioned for systemic targeting of PDX-1

overexpressing tumors.

It is contemplated that any embodiment discussed in this specification can be implemented with
respect to any method, kit, reagent, or composition of the invention, and vice versa. Furthermore,

compositions of the invention can be used to achieve methods of the invention.

It will be understood that particular embodiments described herein are shown by way of illustration
and not as limitations of the invention. The principal features of this invention can be employed in
various embodiments without departing from the scope of the invention. Those skilled in the art will
recognize, or be able to ascertain using no more than routine experimentation, numerous equivalents
to the specific procedures described herein. Such equivalents are considered to be within the scope of

this invention and are covered by the claims.

All publications and patent applications mentioned in the specification are indicative of the level of
skill of those skilled in the art to which this invention pertains. All publications and patent
applications are herein incorporated by reference to the same extent as if each individual publication

or patent application was specifically and individually indicated to be incorporated by reference.

The use of the word “a” or “an” when used in conjunction with the term “comprising” in the claims
and/or the specification may mean “one,” but it is also consistent with the meaning of “one or more,”
“at least one,” and “one or more than one.” The use of the term “or” in the claims is used to mean
“and/or” unless explicitly indicated to refer to alternatives only or the alternatives are mutually
exclusive, although the disclosure supports a definition that refers to only alternatives and “and/or.”
Throughout this application, the term “about” is used to indicate that a value includes the inherent
variation of error for the device, the method being employed to determine the value, or the variation

that exists among the study subjects.

As used in this specification and claim(s), the words “comprising” (and any form of comprising, such
as “comprise” and “comprises”), “having” (and any form of having, such as “have” and “has”),

“including” (and any form of including, such as “includes” and “include”) or “containing” (and any
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form of containing, such as “contains’ and “contain”) are inclusive or open-ended and do not exclude
>

additional, unrecited elements or method steps.

The term “or combinations thereof” as used herein refers to all permutations and combinations of the
listed items preceding the term. For example, “A, B, C, or combinations thereof” is intended to
include at least one of: A, B, C, AB, AC, BC, or ABC, and if order is important in a particular
context, also BA, CA, CB, CBA, BCA, ACB, BAC, or CAB. Continuing with this example, expressly
included are combinations that contain repeats of one or more item or term, such as BB, AAA, MB,
BBC, AAABCCCC, CBBAAA, CABABB, and so forth. The skilled artisan will understand that
typically there is no limit on the number of items or terms in any combination, unless otherwise

apparent from the context.

As used herein, words of approximation such as, without limitation, “about”, "substantial" or
"substantially" refers to a condition that when so modified is understood to not necessarily be absolute
or perfect but would be considered close enough to those of ordinary skill in the art to warrant
designating the condition as being present. The extent to which the description may vary will depend
on how great a change can be instituted and still have one of ordinary skilled in the art recognize the
modified feature as still having the required characteristics and capabilities of the unmodified feature.
In general, but subject to the preceding discussion, a numerical value herein that is modified by a
word of approximation such as “about” may vary from the stated value by at least +1, 2, 3,4, 5, 6, 7,

10, 12 or 15%.

All of the compositions and/or methods disclosed and claimed herein can be made and executed
without undue experimentation in light of the present disclosure. While the compositions and
methods of this invention have been described in terms of preferred embodiments, it will be apparent
to those of skill in the art that variations may be applied to the compositions and/or methods and in the
steps or in the sequence of steps of the method described herein without departing from the concept,
spirit and scope of the invention. All such similar substitutes and modifications apparent to those
skilled in the art are deemed to be within the spirit, scope and concept of the invention as defined by

the appended claims.
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2.

CLAIMS
An expression vector comprising:
a promoter; and

a nucleic acid insert operably linked to the promoter, wherein the insert
encodes one or more short hairpin RNAs (shRNA) capable of hybridizing to a region
of an mRNA transcript that encodes a PDX-1 oncogene and that inhibits the PDX-1
oncogene expression via RNA interference, wherein the sequence of the one or more
shRNAs is selected from the group consisting of SEQ ID NO: 3, SEQ ID NO: 4, SEQ

ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, and combinations thereof.

The expression vector of claim 1, wherein the shRNA incorporates one or more

siRNA (cleavage-dependent) and miRNA (cleavage-independent) motifs.

3.

The expression vector of claim 1, wherein the shRNA is both the cleavage-dependent

and cleavage-independent inhibitor of the PDX-1 oncogene expression.

4. The expression vector of claim 1, wherein the shRNA is further defined as a
bifunctional shRNA.
5. The expression vector of claim 1, wherein the region targeted is the 3 UTR region

sequence of the PDX-1 oncogene transcript.

A therapeutic delivery system comprising:

a therapeutic agent carrier; and

an expression vector comprising a promoter and a nucleic acid insert operably
linked to the promoter encodes one or more short hairpin RNA (shRNA) that
hybridizes to a region of an mRNA transcript that encodes a PDX-1 oncogene and

inhibits the PDX-1 oncogene expression via RNA interference, wherein the sequence
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of the one or more shRNAs is selected from the group consisting of SEQ ID NO: 3,
SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, and

combinations thereof.

7. The delivery system of claim 6, wherein the therapeutic agent carrier is a compacted
DNA nanoparticle.
8. The delivery system of claim 7, wherein the DNA nanoparticle is compacted with one

or more polycations.

9. The delivery system of claim 7, wherein the one or more polycations is a 10 kDA

polyethylene glycol (PEG)-substituted cysteine-lysine 30-mer peptide (CK3yPEG10k).

10.  The delivery system of claim 7, wherein the compacted DNA nanoparticles are

further encapsulated in a liposome.

1. The delivery system of claim 10, wherein the liposome is a bilamellar invaginated

vesicle (BIV).

12. The delivery system of claim 10, wherein the liposome is a reversibly masked

liposome

13. The delivery system of claim 10, wherein the liposome is decorated with one or more

receptor targeting moieties.

14. The delivery system of claim6, wherein the therapeutic agent carrier is a liposome.

15. The delivery system of claim 14, wherein the liposome is a bilamellar invaginated
vesicle (BIV) decorated with one or more receptor targeting moieties, wherein the liposome

is a reversibly masked liposome.

16. A method to deliver one or more shRNAs to silence in vitro an expression of a PDX-1

oncogene in one or more target cells comprising the steps of:
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preparing an expression vector comprising a promoter and a nucleic acid insert
operably linked to the promoter that encodes the one or more shRNAs that hybridizes
to a region of an mRNA transcript encoding the PDX-1 oncogene and inhibits the
PDX-1 oncogene expression via RNA interference, wherein the sequence of the one
or more shRNAs is selected from the group consisting of SEQ ID NO: 3,
SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8, and

combinations thereof;

combining the expression vector with a therapeutic agent carrier, wherein the
therapeutic agent carrier is a liposome decorated with one or more receptor targeting

moieties; and

administering a therapeutically effective amount of the expression vector and

therapeutic agent carrier complex.

17. The method of claim 16, wherein the therapeutic agent carrier is a compacted DNA
nanoparticle.
18. The method of claim 17, wherein the DNA nanoparticle is compacted with one or

more polycations, wherein the one or more polycations comprise a 10 kDA polyethylene
glycol (PEG)-substituted cysteine-lysine 30-mer peptide (CK30PEG10k) or a 30-mer lysine

condensing peptide.

19. The method of claim 17, wherein the compacted DNA nanoparticles are further
encapsulated in a liposome, wherein the liposome is a bilamellar invaginated vesicle (BIV)

and 1s decorated with one or more receptor targeting moieties.

20. The method of claim 16, wherein the liposome is a reversibly masked liposome.
21. The method of claim 16, wherein the liposome is a bilamellar invaginated vesicle
(BIV).
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22. The method of claim 16, wherein the liposome is a reversibly masked liposome.

23. A method to silence an expression of a PDX-1 oncogene in one or more target cells

comprising the steps of:
selecting the one or more target cells; and

transfecting the target cell with a vector that expresses one or more short
hairpin RNA (shRNA) capable of hybridizing to a region of a mRNA transcript
encoding the PDX-1 oncogene, wherein the transfection of the one or more target
cells with the vector inhibits the PDX-1 oncogene expression via RNA interference,
wherein the sequence of the one or more shRNAs is selected from the group
consisting of SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID

NO: 7, SEQ ID NO: 8, and combinations thereof.

24. The method of claim 23, wherein the shRNA incorporates siRNA (cleavage-

dependent) and miRNA (cleavage-independent) motifs.

25. The method of claim 23, wherein the shRNA is both a cleavage-dependent and a

cleavage-independent inhibitor of PDX-1 expression.

26 The method of claim 23, wherein the shRNA is further defined as a bifunctional

shRNA.

27.  The method of claim 23, wherein the region targeted is a 3’ UTR region sequence of

the PDX-1 oncogene transcript.

28. The use of the expression vector of claim 1 in the manufacture of a medicament for

the treatment of tumor cell growth, treating an islet neoplasia disorder or both.

29. The method of claim 28 where the expression vector is combined with a therapeutic

agent carrier and administered in an amount sufficient to supress the tumor cell growth, treat
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the islet neoplasia disorder or both, wherein the expression vector expresses one or more
bifunctional short hairpin RNA (shRNA) capable of hybridizing to a region of a mRNA
transcript encoding a PDX-1 oncogene, wherein the hybridization results in an apoptosis, an
arrested proliferation, or a reduced invasiveness of the tumor cells wherein the sequence of
the one or more shRNAs is selected from the group consisting of SEQ ID NO: 3,
SEQID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 7, SEQ ID NO: 8,

and combinations thereof.

30. The method of claim 29, wherein the islet neoplasia disorders comprise pancreatic

neuroendocrine tumors (NET), insulinomas, and carcinoids.

31. The method of claim 29, wherein the bifunctional shRNA incorporates siRNA

(cleavage-dependent) and miRNA (cleavage-independent) motifs.

32. The method of claim 29, wherein the bifunctional shRNA is both a cleavage-

dependent and a cleavage-independent inhibitor of PDX-1 expression.

33. The method of claim 29, wherein the region targeted is a 3’ UTR region sequence of

the PDX-1 transcript.

34, The method of claim 29, wherein the islet neoplasia disorder is a pancreatic

neuroendocrine tumor (NET).

35. The method of claim 29, wherein the therapeutic agent carrier is a compacted DNA
nanoparticle or a reversibly masked liposome decorated with one or more receptor targeting

moieties.

36. The method of claim 35, wherein the DNA nanoparticle is compacted with one or
more polycations, wherein the one or more polycations is a 10 kDA polyethylene glycol
(PEG)-substituted cysteine-lysine 30-mer peptide (CK3PEG10k) or a 30-mer lysine

condensing peptide
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37.  The method of claim 35, wherein the reversibly masked liposome is a bilamellar

invaginated vesicle (BIV).

38.  The method of claim 35, wherein the compacted DNA nanoparticles are further

encapsulated in a liposome.
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