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Introduction: Resistance to chemotherapy is a major obstacle in the successful
amelioration of tumors in many cancer patients. Resistance is either intrinsic
or acquired, involving mechanisms such as genetic aberrations, decreased
influx and increased efflux of drugs. Strategies for the reversal of resistance
involve the alteration of enzymes responsible for drug resistance, the modu-
lation of proteins regulating apoptosis mechanisms and improving the uptake
of drugs using nanotechnology. Novel strides in the reversal of drug resis-
tance are emerging, involving the use of nanotechnology, targeting stem
cells, etc.

Areas covered: This paper reviews the most recent cancer drug reversal stra-
tegies involving nanotechnology for targeting cancer cells and cancer stem
cells (CSCs), for enhanced uptake of micro- and macromolecular inhibitors.
Expert opinion: Nanotechnology used in conjunction with existing therapies,
such as gene therapy and P-glycoprotein inhibition, has been shown to
improve the reversal of drug resistance; the mechanisms involved in this
include specific targeting of drugs and nucleotide therapeutics, enhanced
cellular uptake of drugs and improved bioavailability of drugs with poor
physicochemical characteristics. Important strategies in the reversal of drug
resistance include: a multifunctional nanoparticulate system housing a target-
ing moiety; therapeutics to kill resistant cancer cells and CSCs; cytotoxic drugs
and a tumor microenvironment stimuli-responsive element, to release the
encapsulated therapeutics.
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1. Introduction

The era of chemotherapy began in 1940 with first uses of nitrogen mustard and
antifolates, continues till date with development of targeted therapeutics such as
Gleevec (imatinib) and Avastin (bevacizumab) [1]. Though in recent years, we wit-
nessed new strides in the treatment of cancer with advent of targeted therapeutics
and nucleotide-based therapeutics, resistance to existing chemotherapeutics agents
is also on rise. This fundamental problem of resistance has emerged as the major
limiting factor, tremendously compromising treatment success and survival of the
patient [2]. Resistance in the realm of cancer chemotherapy can be divided into
two elaborate categories: de novo also termed as intrinsic, and acquired. In intrinsic
resistance, because of inherent genetic predisposition cancer cells are protected from
apoptosis induced by chemotherapy, radiotherapy or receptor-mediated cell
death (3]. In this type of resistance, tumors fail to respond to first-line chemotherapy
and exhibit complex therapy-resistant phenotypes with initial treatments. Acquired
resistance culminates on a period of time and usually occurs in tumors that are
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Article highlights.

o Even though chemotherapeutic agents are successful in
treating wide variety of tumors, incidence of resistance
which can be either intrinsic or acquired is a major
limiting factor for the successful use of
chemotherapeutic agents.

Nanoparticles, when carefully designed, have potential
to control the drug release profile suitable for optimal
cytotoxicity and subsequently circumvent the resistance
problem by sensitizing cancer cells to
chemotherapeutic agents.

Various small molecule inhibitors including nucleotides
such as microRNA (miRNA), small interfering RNA
(siRNA) and aptamers can be utilized for sensitizing
tumor cells for chemotherapeutic agents. These agents
can be used in conjunction with nanoparticulate
strategy to overcome the problem of drug resistance.
Cancer stem cells (CSCs) have innate drug resistance
mediated by drug detoxifying enzymes and multidrug
resistance (MDR) transporters and are potential targets
for reversal of resistance. Proper delivery of stem cells
using nanoparticulate technology would overcome the
drawback of undesired differentiation leading

to resistance.

The most important strategy in overcoming problem of
resistance is to design a multifunctional nanocarrier
which can accommodate a tumor-targeting moiety,
therapeutics to sensitize or kill drug-resistant tumor cell
and CSCs, chemotherapeutic agent and an element
which can be stimulated by tumor microenvironment
and release the therapeutics spatially at the tumor site.

This box summarizes key points contained in the article.

highly responsive to initial treatment but manifests a complex
therapy-resistant phenotype on tumor recurrence. These
phenotypes exhibit sequential genetic changes rendering
them resistant to not only previously used drugs but also
cross-resistance to other new agents with entirely different
structure and mechanism of action [4]. Understanding the
mechanisms involved in both de novo and acquired resistance
is essential to develop effective ways to overcome resistance to
chemotherapy.

Studies on cancer resistance mechanisms revealed aberrations
in the genetic makeup of the cancer cell by itself or on treatment
with chemotherapeutic drugs. Three major mechanisms of drug
resistance in cells were elucidated based on the mechanisms of
antibiotic resistance in microorganisms. The first mechanism
involved reduced uptake of hydrophilic drugs like 5-fluoroura-
cil, methotrexate, cisplatin and cytarabine as these drugs require
transporters to enter the cells [5-7]. Second, cellular changes that
reduce the capability of cytotoxic drugs to exert their effect, like
evasion of apoptosis, altered metabolism of drugs, enhanced
repair of DNA damage and changes in the cell cycle (8. The
third mechanism is the enhanced efflux of hydrophobic drugs
by energy-dependent transporters called adenosine triphosphate
(ATP)-binding cassette (ABC) transporters [9].

The above-mentioned mechanisms are implicated in
almost every type of cancer with the mechanism of enhanced
efflux being the most predominant both in clinical and in lab-
oratory resistance. For example, in breast cancer the major
mechanisms of resistance involve overexpression of B-tubulin,
breast cancer resistance protein (BCRP) and multidrug-
resistant proteins such as P-glycoprotein (P-gp), altered levels
of enzymes such as topoisomerases, aldehyde dehydrogenase
and glutathione S-transferases (GSTs), mutations of p53
gene, alterations in DNA repair processes due to mutations
in breast cancer susceptibility gene 1 (BRCAL1) and inhibition
of cell death responses by overexpression of genes such as
survivin, Bel-2, etc. [10]. Although, a detailed discussion of
mechanisms of resistance pertaining to all cancers is out of
the scope of this review, above-mentioned mechanisms are
commonly seen in other clinically relevant cancers.

Many of resistance reversal strategies involve suppression of
proteins inhibiting apoptosis, use of demethylating agents, alter-
ation of enzyme levels responsible for drug resistance, targeting
53 and most importantly overcoming drug resistance by ABC
transporters [11]. The most important strategy applied to suppress
proteins inhibiting apoptosis is the use of antisense oligonucleoti-
des to target anti-apoptotic genes like Bc/-2 and Bcl-Xj [12.13].
Another approach to enhance the apoptosis involves the use of
small peptides resembling the N-terminus of second
mitochondria-derived activator of caspases (SMAC) protein,
which binds and inhibits a family of inhibitors of apoptosis
(IAPs) [14. MLH1 gene deficiency due to hypermethylation of
promoter region results in mismatch repair and was observed in
many sporadic tumors, and a correlation between MLH1 gene
deficiency and resistance to tumors was also reported in clinical
studies [15]. Thus, replacement of MLH1 gene with either using
demethylating agents such as 5-azacytidine or 2’-deoxy-5-azacyti-
dine or by gene transfer were proved to enhance the sensitivity to
cisplatin, temozolomide, doxorubicin and epirubicin [16-18).
Alteration of enzymes like y-glutamyltransferase, which is
involved in deactivation of chemotherapeutic agents and thus
contributing to resistance were explored as successful strategies
to overcome drug resistance. L-Buthionine-(S,R)-sulfoxime
(BSO), a potent and specific inhibitor of y-glutamyltransferase
was shown to increase sensitivity to platinum-containing agents,
alkylating agents, arsenic trioxide and anthracyclines [19-21].
A tumor suppressor gene called p53 is a potential therapeutic tar-
get implicated in drug resistance and restoring the wild-type p53
activity can revert the malignant phenotype and enhance the drug
sensitivity [11]. When p53 gene was transfected into non-small cell
lung cancer (NSCLC) cells with different endogenous expression,
the cells showed enhanced sensitivity to paclitaxel and cis-
platin [22]. The most widely investigated strategy to overcome
drug resistance is definitely overcoming the drug efflux by ABC
transporters. The strategies include use of small molecule inhibi-
tors, hammerhead ribozymes, antisense oligonucleotides, short
interfering RNA, peptides and antibodies to inhibit various
ABC transporters leading to multidrug resistance (MDR) [s].
Salinomycin, a monocarboxylic polyether used earlier as
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agricultural antibiotic is shown to kill cancer stem cells (CSCs)
and was also able to induce massive apoptosis in various drug-
resistant human cancer cells [23]. 17-N-allylamino-17-demethox-
ygeldanamycin (17-AAG), a heat shock protein 90 (HSP90)
inhibitor is potentially indicated for the treatment of refractory
muldple myeloma and is in Phase III clinical studies [24]. Sche-
matic illustrations of various above-mentioned strategies are given
in Figure 1 and Figure 2.

Myriad of strategies which emerged over the past 30 years
though helped us understand mechanism of resistance in a
great deal, there is still a need for an effective clinical tool to
be proved to overcome resistance. To circumvent the tumor
resistance to chemotherapy, an ancillary strategy involving
use of nanomaterials/nanotechnology to append the already
existing strategies is of great value. Nanotechnology can over-
come drug resistance by various mechanisms. For example,
allowing specific targeting of drugs and nucleotide therapeu-
tics to tumor, enhancing cellular accumulation of drugs in
tumors refractive to chemotherapy, enhancing immunity to
protect normal tissues from tumor invasion and improving
bioavailability of drugs with poor physicochemical characte-
ristics [25]. Especially, with the emergence of therapeutic
strategies involving microRNA (miRNA), small interfering
RNA (siRNA) and gene therapy, effective delivery of these
molecules to the site of intended action has gained wide
importance.

This review is an attempt to critically analyze most recent
trends in nanotechnology implied for reversal of drug resis-
tance. The major emphasis is given to acknowledge the role
of novel delivery strategies in overcoming resistance using
miRNA, siRNA, small molecule inhibitors, peptides, mono-
clonal antibodies and gene therapy. Several cardinal aspects
of resistance reversal like reversibility and sustainability of
therapeutic effect after treatment with preclinical and clinical
evidences are also discussed.

2. Strategies for reversal of drug resistance

2.1 Nanocarriers in reversal of resistance

Nanocarriers are excellent platforms to enhance the intracellu-
lar accumulation of chemotherapeutic agents in tumors,
which eventually results in reduced systemic toxicity and cir-
cumvents the problem of drug resistance. Nanocarriers
achieve these objectives by both active and passive targeting.
Nanocarriers extravasate through the leaky and highly perme-
able tumor vasculature and accumulate in tumor interstitium
by a phenomenon termed as enhanced permeation and reten-
tion (EPR) effect [26]. Various properties of nanoparticles such
as size, shape, surface charge and its dynamic and continuous
interactions with components of vasculature, govern the
ability of nanocarriers to exhibit EPR effect. The cross talks
that take place between nanoparticles and tumor microen-
vironment are highly dependent on physicochemical proper-
ties of nanoparticles and largely influence their in vivo
behavior [27]. Drug-resistant tumors exhibit exclusive tumor
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microenvironment often characterized by features such as
low extracellular pH, hypoxia, lack of adequate lymphatic
drainage and changes in expression/regulation of oncogenes,
tumor suppressors and apoptosis mediators [28]. Nanocarriers
utilize the above-mentioned features and overcome the drug
resistance by eradicating the minimal residual disease
(MRD) population of cells, which are responsible for recur-
rence of cancer [3]. Passive targeting strategy using nanocar-
riers involves EPR effect and the active targeting strategy is
pursued using tumor cell-specific ligands.

The most prevalent and clinically relevant form of tumor
resistance is the MDR. MDR is mediated by several ABC
transporters like P-gp, MDR-associated protein 1 (MRP1),
ABCG2 (also known as mitoxantrone resistance protein
(MXR) and BCRP 8]. Several MDR inhibitors were developed
to overcome drug resistance, however, nanoparticles were
shown to be better in terms of higher efficacy and lower toxi-
city. The nanocarriers proposed included polymer-drug conju-
gates, surfactant micelles, lipid-based nanocapsules and
nanoparticles, liposomes and polymeric nanoparticles [29].
A list of selected examples of recently investigated nanocarriers
for reversal of resistance is provided in Table 1.

Tumor cells from blood vessels that are more than
100 - 150 pm were shown to be oxygen deprived because of
inadequate oxygen diffusion and thus lead to chronic hypoxia
and necrosis [30]. Hypoxic cells have intrinsic properties that
reduce chemotherapeutic efficacy and have internal mechanisms
which induce MDR [31]. It was also reported in various studies
that hypoxia also increased P-gp expression. The primary
mechanism by which hypoxia induces MDR was attributed to
hypoxia inducible factor (HIF-10)) (321. Interestingly, HIF-1o
was reported to be associated with growth factor and growth
factor receptors like EGFR, HER2, etc. in a positive feedback
loop 1331. EGFR-targeted poly(p,L-lactide-co-glycolide)/poly
(ethylene glycol) (PLGA/PEG/EGFR) nanocarriers were devel-
oped for delivery of paclitaxel/lonidamine to treat multidrug-
resistant human breast and ovarian cancer cells. EGFR-targeted
nanoparticles were shown to actively target tumor cells which are
overexpressing EGFR on induction of hypoxia [34].

The rapid turnover of recycling endosomes and lysosomes
and their more acidic environment as compared with cytoplasm
and the nucleus favors sequestration of chemotherapeutics even-
tually leading to drug resistance (35]. Low pH in various subcel-
lular organelles is an attractive signal to target MDR cancer
cells. In an attempt to exploit this property, polymeric micelles
with pH-induced ligand were developed. The micelle consisted
of a block copolymer made of polyHis-6-PEG and PLLA-b-
PEG-b-polyHis-biotin. When the micelle encounters an envi-
ronment with slightly acidic pH (pH < 7.2, tumor pH), the
biotin which was buried inside micelle will be exposed to surface
and gets internalized by virtue of biotin receptor-mediated endo-
cytosis. After internalization these micelles will be subjected to
endosomal or lysosomal pH (pH < 6.5) leading to the destabili-
zation of micelles and enhances the cytosolic drug release [36,37].
Similar approach was applied to target MDR cells using TAT
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Figure 1. Schematic overview of various mechanisms to overcome drug resistance involving small molecule sensitizers,
nucleotides and gene therapy. A. Inhibitors of y-glutamylcysteine synthetase. B. Inhibitors of glutathione reductase
(*2-acetylamino-3-[4-(2-acetylamino-2-carboxyethylsulfanylthiocarbonylamino)phenylthiocarbamoylsulfanyl]propionic acid,
**  6-[2-(3’-methyl)-1’,4’-naphthoquinolyl]hexanoic acid). C. Inhibitors of superoxide dismutase (SOD). D. Nucleotides

(aptamers, miRNA, siRNA) in reversal of resistance. E. Gene therapy for reversal of resistance.

peptide. TAT, which replaces biotin, is a non-specific cell-
penetrating peptide that enhances the cellular uptake of micelles.
This TAT-based polymeric micelle was also proved to be
effective 17 vivo for various solid tumors including drug-sensitive
and drug-resistant phenotypes [38].

Newer strategies to overcome MDR involved a combined
approach using both nanoparticles.
Daunorubicin-loaded titanium dioxide nanoparticles were
investigated for their effectiveness on MDR leukemia K562/
AO02 cells with concomitant exposure to ultrasound. The results

ultrasound and

have shown that this strategy resulted in significant reversal of
MDR tumor by enhancing the uptake of daunorubicin by
MDR cells (39. Novel polymers such as cyanoacrylates have
been investigated in reversal of MDR. Doxorubicin was encap-
sulated in polyisohexylcyanoacrylate nanospheres and its
cytotoxicity and accumulation was studied in a doxorubicin-
resistant rat glioblastoma model. The results have indicated
that the reversal of doxorubicin resistance was completely

achieved and the mechanism involved a bypass of P-gp rather
than the inhibition of P-gp [40]. Magnetic Fe;O4 nanoparticles
loaded with cisplatin showed the reversal of cisplatin resistance.
The ICs of cisplatin was reduced by ~ 2.2-fold when cisplatin-
resistant ovarian carcinoma cells were treated with magnetic
Fe;Oy4 cisplatin nanoparticles [41]. In our lab we have also
observed that ICs of cisplatin was reduced by ~ twofold when
complexed with surface-modified PAMAM (poly(amido
amine)) dendrimers in cisplatin-resistant ovarian cancer cells
(unpublished data).

Squalene, a polyterpenoid and precursor in biosynthesis of
cholesterol, exhibited the ability to form self-assembled nano-
carriers in water when conjugated to chemotherapeutic
agents [42]. ‘Squalenoylation’ of chemotherapeutic agents,
gemcitabine and paclitaxel, resulted in nanoassemblies in
water with advantages of improved cytotoxicity and stabi-
lity [43.441. Squalenoylated gemcitabine formed nanoassem-
blies when dispersed in water with a mean diameter of
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Figure 2. Schematic illustration of drug resistance reversal strategies involving use of nanocarriers, P-glycoprotein (P-gp)
inhibitors and proton pump inhibitors. A1. Ligand-conjugated polymer loaded with chemotherapeutic agent or
chemosensitizing agent. A2. Ligand-conjugated polymer with nucleotide (miRNA or siRNA). A3. Multifunctional nanocarrier
housing nucleotide, chemosenstizer and chemotherapeutic agent. B. P-gp inhibitors of various generations. C. Proton pump

inhibitors for reversal of resistance.

130 nm and exhibited ~ 3.2-fold higher toxicity in resistant
leukemia cells in comparison with gemcitabine. These nano-
assemblies caused S-phase arrest followed by apoptosis, and
increased survival time 7z vivo [43]. Because of its advantages
in cancer therapy, squalenoylation strategy was also used to
design multifunctional pharmaceutical theragnostics invol-
ving gemcitabine as drug and magnetite nanocrystals as
imaging agents. Nanocomposites were injected into L1210
tumor-bearing mice and when magnetically guided
displayed considerably greater anticancer activity than free
gemcitabine [45].

A multifunctional approach in engineering of nanocarriers
based on use of both active and passive strategies, housing vari-
ous components for reversal of resistance such as a selective
targeting moiety, chemosensitizer, tumor microenvironment

stimulative moiety and efflux pump inhibitor would result is
an efficient nanoparticle to circumvent drug resistance. For
example, a ‘Quadrugnostic’ nanoparticle system was proposed
containing four synergistic elements: a specific targeting moiety,
a chemotherapeutic drug, drug-resistance inhibitor and a
diagnostic-imaging aid [46).

2.2 miRNAs and siRNAs in reversal of resistance

The tumor suppressor protein, p53, apart from playing the cen-
tral role in cell cycle arrest and cell death also upregulates the
genes such as Fas (or CD95) and Bax to promote apoptosis [47].
It was reported that the gene encoding p53, 753, is mutated in
approximately 50% of human cancers and these mutations have
been correlated with lack of response to chemotherapeutic
agents like doxorubicin in patients with advanced breast
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Table 1. Selected examples of nanocarriers used in reversal of resistance.

Nanocarrier Mode of reversal of resistance Cytotoxic agent/s Tumor type Ref.

PEG-b-PLA polymeric micelles Increase in cellular accumulation Paclitaxel Ovarian cancer [113]

Magnetic FesO4 nanoparticles Combination therapy with MDR1 shRNA Daunorubicin Leukemia [114]

PLGA nanoparticles Combination therapy with chemosentitizer Vincristine Breast cancer [115]
verapamil

Long circulating liposomes Combination therapy with chemosentitizer Paclitaxel Ovarian cancer [116]
tariquidar

PNIPAM-co-PS nanofibers Enhanced intracellular uptake Daunorubicin Erythroleukemia [117]

Poly(n-butylcyanoacrylate) Inhibition of P-gp function Paclitaxel Ovarian cancer [118]

nanoparticles

P-gp: P-glycoprotein; PLGA: Poly(p,.-lactide-co-glycolide); PNIPAM-co-PS: Poly(N-isopropylacrylamide)-co-polystyrene.

cancer [48]. In a study conducted by our research group, it was
found that single or multiple pretreatment of MCEF-7 cells
(having no p53 mutations) with TP53 gene using sigma ligand
conjugated-PAMAM (generation 4) dendriplexes at N/P 10,
followed by doxorubicin treatment led to decrease in ICsq val-
ues of doxorubicin to half (from 29.66 to 10.94 nM).
Although, when similar treatments were given to NCI/Res-
ADR cells (having mutated p53) only about 10% decrease in
the cell viabilitcy was observed after multiple treatment
with TP53 dendriplexes (at N/P 10), when compared with
doxorubicin treatment alone at the concentration tested
(unpublished data). Various strategies in sensitizing cancer cells
to chemotherapy by p53 gene therapy are shown in Table 2.

miRNAs belong to a group of non-coding, endogenous
RNAs with 19 - 25 nucleotides which after generation and
processing get incorporated into RNA-induced silencing com-
plex (RISC) and downregulate the post-transcriptional gene
expression  [49]. A recent study showed that anti-
apoptotic factor Bcl-2 was directly suppressed by miR-15a
and miR-16-1 miRNAs, indicating the potential of miRNAs
in anticancer therapy [50]. miRNAs, miR-17-92 cluster, which
have six miRNAs, are involved in development of lung cancer
and B-cell lymphoma [51,52]. These reports suggest the role of
miRNAs in regulation of various cancer-related pathways
leading to cell survival, migration and invasion, epithelial
to mesenchymal transition and sensitivity of tumor cells to
chemotherapeutic agents [53].

Many drug-resistant tumor cells have shown to have aberrant
expression of miRNAs. Doxorubicin-resistant MCF-7 breast
cancer cells showed the role of miRNA-451 in regulaton of
drug efflux pumps (MDR1) [54. miR-21 has control over Bax
to Bcl-2 ratio in temozolomide-resistant glioblastoma cells [55).
In tamoxifen-resistant breast cancer cells, two miRNAs, miR-
221 and miR-222 were involved in negative regulation of estro-
gen receptor O [56]. In camptothecin-resistant prostate cancer
cells, negative regulation of sirutin (SIRT1) was shown to be
controlled by miR-34a (57). Cisplatin-resistant ovarian cancer
cells showed that miR-214 is involved in regulation of PTEN/
AKT pathway [s8]. Aberrant expression of miRNAs in drug-
resistant cancer cells was also used as predictive biomarker of
tumor response in human cancers treated with chemotherapeutic

agents. For example, in patients with metastatic colorectal cancer
resistant to 5-fluorouracil and irinotecan, single nucleotide poly-
morphism in pri-miR-26a-1 and pri-miR-100 were associated
with response to treatment and progression time [59]. Hepatocel-
lular carcinoma patients with tumors having low miR-26 expres-
sion were shown to respond better to adjuvant IFN therapy [60).
All the above-mentioned mechanisms and the involvement of
miRNAs suggest the potential role of miRNAs in reversal of
resistance in various types of cancers.

miRNAs are often unstable in circulation, their efficient
delivery to drug-resistant cancer cells is of prime importance.
In most cases, miRNA was directly delivered by intracumoral
injection and it is feasible only for small localized tumors but
not for tumors which are metastasized. Trang ez al. have for-
mulated miRNAs miR-34a and /ez-7 in neutral lipid emulsion
and were delivered systemically to mouse model of NSCLC.
Lipid formulation displayed a 60% reduction in tumor
when compared with control miRNA, suggesting that it
improves the systemic delivery of miRNA (61). Other chal-
lenges in miRNA applications include non-specific biodistri-
bution, susceptibility of miRNA to serum nucleases and
renal clearance [62]. A lysine-containing nanoparticle decorated
with lipid chains was investigated to improve the stability of
anti-miR-122 after systemic delivery. The chemically stabi-
lized ant-miR-122 was complexed with these interfering
nanoparticles (iNOPs) and systemically delivered into mice.
Results have shown that 2 mg/kg of ant-miR-122 with
iNOPs resulted in 83.2 + 3.2% silencing of miR-122 and
the silencing of miR-122 was long lasting (up to 9 days)
and did not provoke any immune responses [63]. Various
reported strategies for delivery of anti-miR oligonucleotides
are shown in Table 3.

siRNA are double-stranded RNA molecules which
are ~ 21 nt in length and were shown to cleave the target
mRNA by incorporating into RISC ([64,65]. Recently, siRNA
technology was proved to be very efficient in not only rever-
sing the drug resistance but also improving the sensitivity of
chemotherapeutic agents to cancer cells [66-68].

siRNA therapeutics though successful have setbacks such as
inefficient systemic delivery, off-target effects, incomplete
downregulation of target genes, interactions with endogenous
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Table 2. Sensitizing cancer cells for chemotherapy with p53 gene therapy.

Cancer type Therapeutic agent/s

Delivery of p53 Result Ref.

Osteosarcoma Doxorubicin

Human malignant Doxorubicin, BCNU, cytarabine,
glioma teniposide, cisplatin and vincristine

Gastric cancer Epirubicin hydrochloride

Glioblastoma Cisplatin

Colon cancer Chlorin e6

Prostate cancer Taxotere

Glioma Acyclovir with HSV-TK gene

Baculoviral vector

Electroporation using p53
hygro vector

Human adenoviral vector

Human adenoviral vector

Wild-type expression vector

Human adenoviral vector

Combination therapy enhanced [119]
cytotoxicity by twofold in

comparison with treating alone

with either doxorubicin or p53

p53 gene transfer did not result [120]
in consistent pattern of
chemosensitization in three

glioma cell lines

Synergistic tumor inhibition in [121]
gastric cancer cells was seen

p53 gene transfer sensitized [122]
cancer cells to cisplatin

treatment

Introduction of wild-type p53 in [123]
colon cancer cells resulted in

increased sensitivity to

photodynamic therapy

Folate conjugated liposome p53 therapy resulted in increase [124]

in sensitivity to Taxotere

P53 gene therapy was able to [125]
enhance sensitivity of glioma

cells to acyclovir-HSV-TK therapy

HSV-TK: Herpes simplex virus tyrosine kinase.

miRNAs and longevity of silencing capability [69]. Many draw-
backs of siRNA therapy can be overcome by efficient delivery
of siRNA to target gene. One such strategy which improved
the efficacy of siRNA in ovarian cancer is the use of neutral
nanoliposome  1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
(DOPC) to deliver siRNA which targets a critical platinum
resistance gene, ATP7B. In wvivo studies performed in
orthotopic nude mice model of ovarian cancer showed that
nanoliposomal siRNA successfully improved the stability of
siRNA and shielded siRNA from serum nucleases thus impro-
ving its antitumor activity (70). One of the major obstacles in
siRNA delivery is the inability of siRNA to cross lipid
bilayer of cellular plasma membrane. To overcome this,
siRNA targeted toward P-gp was complexed with lipid
modified cationic polymers such as poly-L-lysine modified
with stearic acid and polyethyleneimine substituted with
oleic acid. These nanoparticles enhanced the transport of
siRNA  through cellular membrane and resulted in
inhibition of P-gp (71].

2.3 Small molecule sensitizers in reversal of drug
resistance

Small molecule sensitizing agents either by inhibiting or
modifying the mechanism of resistance in many tumors sensi-
tize resistant tumor cells to chemotherapeutic agents. P-gp
inhibition using small molecule inhibitors was the most
sought after approach to overcome resistance to chemothera-
peutic agents in a wide variety of cancers. Phase I and II trials
of P-gp inhibitors were started within 10 years after discovery
of P-gp-mediated MDR indicating the significant clinical

relevance (8. The first-generation P-gp inhibitors included
drugs such as verapamil, quinine and cyclosporine showed
promise initially for P-gp inhibition though at very high
doses. In a randomized Phase III clinical trial, addition of
cyclosporine improved the reversal of resistance of patients
to cytarabine and daunorubicin in patients with poor-
risk acute myeloid leukemia [72]. However, the trials con-
ducted later were not fruitful in consolidating the effect of
P-gp inhibition by these agents and their treatment also
resulted in many toxic side effects (73]. Though, the initial
clinical trials did not result in any successful P-gp inhibiting
agents, they suggested that P-gp modulation is feasible and
encouraged further investigation in this area. The second-
generation P-gp inhibition agents were developed with
reduced toxic effects and improved efficacy to inhibit P-gp.
These included R-enantiomer of verapamil, analog of cyclo-
sporine D-PSC833 (valspodar) and these agents have shown
specificity toward P-gp without interacting with calcium
channels and did not exhibit any immunosuppressive
effects [741. However, these agents have shown marked phar-
macokinetic interactions that reduced the clearance and
metabolism of chemotherapeutic agents elevating their plasma
levels and thus resulting in higher toxicities [75]. To overcome
the drawbacks associated with second-generation inhibitors,
such as low pharmacokinetic interaction and high transporter
affinity, third-generation inhibitors were developed. These
inhibitors were specifically designed to evade cytochrome
P450 inhibition which was the major cause of pharmacoki-
netic interaction with previous generation of inhibitors. These

included laniquidar, o0c144-093 (ONT-093), zosuquidar

Expert Opin. Drug Deliv. (2012) 9(3) 293

RIGHTS LI N Ky



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

Recent trends in cancer drug resistance reversal strategies using nanoparticles

Table 3. Strategies for delivery of miRNA and anti-miR oligonucleotides.

Name Target gene

Delivery system

Therapeutic effect Ref.

Anti-miR-296 Hepatocyte growth factor

regulated tyrosine kinase

Pegylated liposome-polycation-
hyaluronic acid nanoparticle

Targeted nanoparticles exhibited [62]
effective anti-angiogenic activity

substrate with cyclic RGD peptide in vitro and in vivo

Anti-miR-122 Cholesterol biosynthesis Hydroxyprolinol linked Decrease in cholesterol levels [126]
genes cholesterol

Anti-miR-122 Cholesterol biosynthesis Lipidoids Enhanced miR-122 expression [127]
genes

miRNA 34a Survivin Liposome-polycation-hyaluronic Induction of apoptosis in cancer [128]

acid modified with scFv cells
Let 7b RAS Neutral lipid emulsion Reduction in lung cancer tumor [61]

proliferation

miRNA: MicroRNA; RGD: Arginine-glycine-aspartic acid; scFv: Single chain antibody fragment.

(LY335979), elacridar (GF-120918) and tariquidar
(XR9576) 8.76]. The later generations of inhibitors were
aimed at inhibiting multiple transporters of the ABC family.
Birocidar (VX-710) and GF-120918 were able to interact
with P-gp, MRP1 and ABCG2 transporters, respectively [77].
Recently, it was reported that excipients such as Brij 78 (poly-
oxyethylene 20-stearyl ether) and D-0-tocopheryl polyethyl-
ene glycol 1000 succinate (TPGS), which are components
for preparing nanocarriers exhibited a dual role in stabilizing
nanocarriers and inhibiting P-gp [78.79]. Brij 78-based solid
lipid nanoparticles enhanced the cytotoxicity of paclitaxel
and doxorubicin in P-gp-mediated resistant cells, and
mechanism involved P-gp inhibition and ATP depletion [7s].
Paclitaxel nanocrystals developed using TPGS as the sole
excipient has exhibited significant antitumor effect in
paclitaxel-resistant cells i vivo. The reason for improved anti-
tumor effect was attributed to inhibition of P-gp mediated
by TPGS [79).

Glutathione (GSH), a tripeptide is a predominant cellular
thiol and its synthesis involves enzyme y-glutamylcysteine syn-
thetase (Y-GCS)-mediated addition of amino acids glutamic
acid, cysteine and glycine to form GSH. GSH was implicated
in the development of resistance to various chemotherapeutic
drugs including platinum compounds, alkylating agents,
anthracyclines [11. GSH along with increased levels of y-GCS
was shown to contribute to resistance by either inactivating
the chemotherapeutic agent, enhancing the DNA repair by pro-
viding suitable reducing environment or acting as cofactor in
MRP1-mediated drug efflux (80.81]. Thus, depletion of intracel-
lular GSH levels was considered to be an attractive strategy to
overcome the drug resistance. The first attempt to achieve this
involved use of BSO which is a potent and specific inhibitor
of y-GCS 1821. BSO was shown to reduce intracellular levels of
GSH both 77 vitro and in vive and thus augmenting the sensi-
tivity of cancer cells to cisplatin, alkylating agents and doxorubi-
cin [20,83,84]. Human clinical trials with BSO have shown that
intracellular GSH levels in circulating white blood cells were
reduced by 60 - 80% (s5]. Glutathione reductase (GR) is an
enzyme which catalyzes reduction of GSSG (oxidized form of

GSH) to GSH to maintain a high GSH:GSSG ratio. Inhibition
of this enzyme will result in inhibition of thiols redox state
which is involved in pathogenesis of various cancers. Thus,
GR inhibitors like carmustine, 2-acetylamino-3-[4-(2-acetyla-
mino-2-carboxyethylsulfanylthiocarbonylamino) phenylthiocar-
bamoylsulfanyl]propionic acids (2-AAPA) were developed as
anticancer agents [86].

pH gradient that exists between tumor extracellular envi-
ronment and the cell cytoplasm is also an attractive target
for reversal of resistance in cancer cells. In solid tumors the
extracellular microenvironment is significantly more acidic
than normal tissues, this acidic environment leads to reduced
uptake of many weakly basic chemotherapeutic drugs (low
pKa values) as they tend to ionize resulting in poor permeabi-
lity in tumors. Reduced uptake thus leads to resistance to
those chemotherapeutic agents [87]. Vacuolar H*-ATPases
are proton pumps that exist across plasma membrane and
membranes across various intracellular components and are
responsible for acidic tumor microenvironment. Increased
vacuolar H*-ATPase activity was observed in many human
multidrug resistance tumors [88-90]. Thus, to reduce the acidic
tumor microenvironment, proton pump inhibitors (PPls)
were introduced. PPIs including omeprazole, esomeprazole,
lansoprazole, pantoprazole and rabeprazole, by decreasing
tumor acidity were shown to improve the cytotoxicity of che-
motherapeutic agents in cancers like melanoma, colon carci-
noma, adenocarcinoma and breast cancer. When tumor cells
were pretreated with omeprazole both in vitro and in vive
before administration of chemotherapeutic agents like cis-
platin, 5-fluorouracil and vinblastine, sensitivity of tumor
cells to these drugs increased significantly [90].

Superoxide dismutase (SOD) is an enzyme which functions
to prevent unwanted oxidative damage to cell by converting
highly reactive superoxide to less reactive hydrogen peroxide.
SOD was reported to be overexpressed in cisplatin-resistant
ovarian cancer cells and thus become an attractive target for
reversal of drug resistance. A small molecule inhibitor triethyle-
netetramine (TETA) which can inhibit SOD activity was

investigated for reversal of resistance. The results indicated
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that a non-toxic concentration of 10 mM of TETA signifi-
cantly increased the sensitivity of cisplatin-resistant ovarian can-
cer cell lines to cisplatin [91]. Another interesting class of small
molecule chemosensitizing agents is the proteasome inhibitors.
Proteasome is a well-elucidated target and plays key role in
cancer cell proliferation, drug resistance development and
apoptosis due to chemotherapeutic agents. Lactacystin is a
naturally occurring proteasome inhibitor which was reported
first (92. But due to lack of potency and specificity several novel
synthetic proteasome inhibitors were developed. Bortezomib,
dipeptide boronic acid analog, is the first synthetic proteasome
inhibitor to receive approval from US Food and Drug Admi-
nistration for treatment of patients with muldple myeloma [93).
Bortezomib was shown to sensitize various types of cancers like
prostate, ovarian, lung, colorectal, breast and non-Hodgkin’s
lymphoma. In order to preclude occurrence of toxicity due to
synthetic proteasome inhibitors, various naturally occurring
proteasome inhibitors, like genistein, curcumin, resveratrol
and green tea polyphenols, were also reported recently. These
naturally occurring agents have shown to sensitize many
drug-resistant human cancers [94].

Another major factor shown to have control over resistance is
the transcription factor nuclear factor kappa B (NF-xB) and is
shown to play a role in tumor cell survival and activation of
apoptotic gene products. Thus, inhibition of NF-kB by small
molecule inhibitors may result in reduction of anti-apoptotic
activity of resistant tumor cells which can lead to either direct
cytotoxic activity or sensitization of cells to chemotherapy.
A novel NF-xB inhibitor dehydroxymethylepoxyquinomicin
(DHMEQ) was shown to selectively inhibit the translocation
of NF-xB into nucleus and prevent its various transcriptional
functions. DHMEQ was shown to exert direct toxic effects
with significant chemosensitizing activities in resistant tumor
cells and was also shown to be non-toxic 7 vive [95].

Small molecule inhibitors because of their size are often
rapidly cleared from blood circulation by reticuloendothelial
system (RES) uptake. It is very important to enhance the circu-
lation of these inhibitors as prolonged residence of these inhibi-
tors would ensure maximum sensitization of resistant cancers to
chemotherapy. For example, sensitization can be improved by
encapsulating BSO, a specific inhibitor of y-GCS, in porous
hydroxyapatite. BSO complexed with doxorubicin and
hydroxyapatite reduced tumors in mice with sarcoma
180 because of improved circulation [96). Similarly, P-gp inhi-
bitor verapamil has shown serious cardiotoxicity, neurotoxicity
and drug-drug interaction when administered systemically.
Verapamil encapsulated PLGA nanoparticles along with vin-
cristine and these nanoparticles not only reduced drug toxicity
but also caused fewer drug-drug interactions [97.

2.4 Aptamers in combination therapy

Aptamers are single-stranded short RNA, DNA or protein
ligands which bind with high affinity and specificity to their
target molecules. Aptamers are generated iz vitro by an itera-
tive evolution procedure named SELEX (systematic evolution
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of ligands by exponential enrichment). Because of advantages
like ease of production, lack of immunogenicity, non-toxicity,
high specificity and 7z vivo stability, aptamers are widely
investigated for target validation, delivery agents to cancer,
for tumor imaging and targeted delivery of drugs [98.99].

One of the major causes of resistance to chemotherapy in
breast cancer is the overexpression of ErbB2 receptor tyrosine
kinase. Peptide aptamers which can interfere with intracellular
ErbB2 functions and inhibit the activation of AKT were
isolated and investigated for their ability to sensitize chemore-
sistant breast cancer cells. Results have shown that peptide
aptamers strongly inhibited the induction AKT kinase in
MCEF7 breast cancer cells and this activity sensitized the breast
cancer cells toward Taxol [100]. Incidence of cisplatin resis-
tance in prostate cancer was mainly due to poor targeting of
cisplatin. To overcome the resistance prostate-specific
membrane antigen (PSMA), specific aptamers were function-
alized onto PLGA nanoparticles and were loaded with Pt(IV)
prodrug. Results have shown an increased uptake of nanopar-
ticles by PSMA™ LNCaP cells by endocytosis when compared
with non-targeted nanoparticles, indicating a potential in the
reversal of chemoresistance by effective delivery of platinum
to prostate cancer cells [101].

NF-KB is a prime target for reversal of resistance because of
its key role in mediating resistance to chemotherapy. NF-xB
inactivation by a RNA aptamer (A-p50) resulted in overcom-
ing of doxorubicin resistance in NSCLC cells both 7z vitro
and 7n vivo [102]. When A549 (NSCLQ) cells were infected
with adenovirus-mediated A-p50 and co-treated with doxoru-
bicin, cell viability was decreased by 80%. /n vivo experiments
were performed on nude mice xenografted with A549 cells
and then treated with doxorubicin to induce iz vivo chemore-
sistance. Intratumoral injection with Ad-A-p50 and further
treatment with doxorubicin reduced the tumor growth indi-
cating that A-p50 reverses doxorubicin resistance iz vivo lea-
ding to improved cancer cell death [103]. The above studies
suggest that combination therapy of resistant tumors with
aptamers and chemotherapeutic agents is very attractive strat-
egy with clinical potential to overcome drug resistance.

2.5 Cancer stem cell therapy
CSC theory proposed in 1968 hypothesizes that the cancer-
initiating cell is a ‘stem cell unable to differentiate’. These
CSCs can self-renew, produce tumorigenic daughter cells
and also give rise to different cancer cell phenotypes which
are non-tumorigenic. CSCs were implicated in occurrence
of resistance in various cancers in clinical settings. The recur-
ring tumors were reported to be evolving from the expansion
of surviving CSC clones. The CSC has innate drug resistance
to environmental toxins including chemotherapeutic agents
and is mediated by MDR transporters and detoxifying
enzymes [104].

The MDR activity was constitutively expressed in CSC and
is independent of drug exposure and downregulated in
differentiated tumor progeny [105]. The quiescent tumor

Expert Opin. Drug Deliv. (2012) 9(3) 295

RIGHTS LI N Ky



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

Recent trends in cancer drug resistance reversal strategies using nanoparticles

stem cell with constitutive MDR activity is the major barrier
for the effective therapy. For example, in melanoma CSC sub-
population, some cells were shown to be ABCB5 and ABCG2
positive thus indicating that alteration of these factors
would result in reversal of drug resistance leading to effective
chemotherapy [106]. Several oncogenic cascades activated in
cancer progenitor cells are involved in crucial functions in
regulating self-renewal, survival and invasion of CSCs. These
cascades which include telomerase, survivin, Notch,
Hedgehog, Wnt/B-catenin are also very important targets
for pharmacological intervention to overcome resistance [106].

Targeting the local microenvironment of cancer progenitor
cells is an attractive strategy in stem cell therapy. In this
aspect, agents that are able to interfere with VEGF transduc-
tion system gained importance. Bevacizumab, an anti-VEGF
monoclonal antibody was shown to reduce microvasculature
density and tumor growth when administered to mice bearing
orthotopic U87 glioma cell xenografts. Moreover, it was also
observed that this effect is accompanied with a decrease of
CD133*/NESTIN+ tumor cells [107].

Thus, for a successful cancer therapy, it is very important to
differentiate major biological and immunological differences
between tumor and normal stem cells. The most clinically rel-
evant target for therapy to overcome drug resistance is the
resting cell which is intrinsically resistant and this resistance
is independent of chemotherapy-induced gene duplication
or gene translocation [108].

Stem cell therapy in order to be effective has to overcome
obstacles that hinder their regeneration and has to be deliv-
ered to target site to overcome undesired differentiation. Neu-
ral stem cells (NSCs) often suffer from drawbacks such as low
viability and undesired differentiation. To address this issue a
polymeric complex comprising hyaluronic acid hydrogel and
PLGA microsphere system was developed to sustain NSCs,
which will provide an acquiescent microenvironment for neu-
ral regeneration and angiogenesis. This biomaterial scaffold
was successful in sustaining NSCs thus showing a good poten-
tial for supporting NSCs for brain repair and implanta-
tion [109]. Lack of a suitable delivery method of stem cells is
a limitation specifically in vascular healing. An optimal stem
cell delivery system ensures efficacy in moving cells and arrest
them at vascular wall under high shear stress conditions exist-
ing in arteries. A classic example of such a delivery system can
be described as mesenchymal stem cells (MSCs) coated with
gas-filled lipid microbubbles and displaced to specific arterial
segment using ultrasound radiation force [110].

3. Expert opinion

While the mechanism(s) of development of drug resistance
may vary from drug to drug, application of nanotechnology
has shown to overcome drug resistance, in two major pathways,
interfering either with the drug transportation across the cell
membrane (e.g., drug efflux-related protein such as P-gp and
other MDR-associated proteins) or with drug metabolizing

enzymes. As a result, the net intracellular drug concentration
will be increased several fold and thereby elicidng high
cytotoxicity activity. The current trends in the application of
nanotechnology for cancer therapy focus on design of nanome-
dicine to increase the intracellular drug concentration with
either single or a combination of chemotherapeutic agents.

Nanoparticles may primarily serve as the drug reservoirs.
Leaky vasculature of the tumor tissue allow the escape of these
nanoparticles into the tumor tissue and uptake by the tumor
cells and lack of lymphatic drainage results in dose dumping
at the tumor site. By careful design of the nanoparticles it is
possible to control the drug release profile suitable for optimal
cytotoxicity. Controlling the drug release from the nanopar-
ticles not only enhances the tumoricidal effect but also alters
pharmacokinetic properties of the drug such as bioavailability
at the tumor site and its clearance. Moreover, while the hydro-
phobic drug molecules are generally the substrates for the efflux
pumps, colloidal particles are not, resulting in accumulation in
the cell. Such an effect is termed as EPR effect [111]. However,
there is a significant difference in tumor disposition between
small molecules and macromolecular drugs. Because of their
size, macromolecular drugs are retained effectively in the tumor
site, while small molecules diffuse back into general circulation.
In this context, application of nanotechnology assumes signifi-
cant importance as encapsulation of small and macromolecular
drugs into nanoparticles has been demonstrated to increase the
drug retention in the tumor tissue [25]. Although, ‘passive
targeting” approach has shown improvement in tumor therapy,
several obstacles have to be overcome. For instance, nanopar-
ticles should have high circulation half-life for adequate locali-
zation in the target tissue. This has been achieved by grafting
hydrophilic polymers to the nanoparticle surface, minimizing
the uptake by RES and increasing the circulation half-life.
However, lack of target specificity, presence of leaky endothe-
lium in various organs such as liver, kidney, etc., and drug
leakage from the circulating nanocarrier limit the benefit of
passive targeting approach [111].

Active targeting, the drug delivery using target-specific
ligands, is an efficient approach for target-selective chemothe-
rapy. Several types of ligands such as humanized monoclonal
antibodies (antibodies against HER2 receptors for breast
cancer, anti-PSMA antibodies for prostate cancer, etc.), small
molecule agonists for receptors highly expressed in various
cancers (folic acid receptor, transferrin receptor, sigma receptor,
biotin receptor, etc.) have been used for imaging and targeted
therapy of cancer [112]. Several drug-ligand molecules and
ligand-coated drug-loaded nanoparticles are in various stages
of clinical trials. The advantage of nanoparticles in targeted
drug delivery includes the possibility of attachment of multiple
numbers of ligand molecules which increases the target specifi-
city, and drug encapsulation inside the nanoparticles which not
only improves the stability of the drug but also carries high
drug payload. However, because of receptor heterogeneity
and difference in their level of expression in the target tissue,
nanoparticles coated with multiple ligands have been developed
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for better targeting efficiency. As a further step, multdfunctional
nanoparticles carrying a combination of different therapeutic
moieties and with signal sensitive release properties (such as
pH-, temperature-, light- and magnetic field-dependent
release) have been developed for better therapeutic outcomes.

Apart from target-specific dose dumping of chemothera-
peutics, various molecular interventions such as pro-apoptotic
gene therapy, inhibition of anti-apoptotic mechanisms using
siRNA, miRNA and using chemosensitizers (both small and
macromolecules) have been investigated in the recent past.
These interventions are designed either to target the apoptotic
pathway or to specific enzyme system in the cancer cells.
Impaired balance between pro-apoptotic and anti-
apoptotic molecules is common in cancer cells. It is well
known that pro-apoptotic gene therapy or inhibition of
anti-apoptotic genes enhances the capacity of tumor cells to
undergo apoptosis and renders the tumors sensitive to classical
anticancer drugs as well as radiotherapy. Alternatively, several
small molecule inhibitors such as GSH reductase inhibitors
and SOD inhibitors have been developed as a strategy to
sensitize the cancer cells to specific chemotherapeutic
agents [11]. However, irrespective of the type of sensitization
method used, targeted delivery of these sensitizers (both
micro- and macromolecules) is the bottleneck in achieving
the anticipated therapeutic benefit. It is therefore imminent
that in addition to developing novel therapeutics, design of
efficient delivery modules should also be developed.

Current strategies to treat drug-resistant tumors use combi-
nation therapy such as drugs with different mechanisms, com-
bination of different therapeutic genes or a combination of
both, for a possible additive or synergistic effect. It appears
that an ideal delivery system may be a complex integrated
nanoparticle system that exhibits long circulation half-life
based on size, shape, composition; tumor specificity imparted
because of multiple ligands, high penetration capacity,
optimal drug/gene release characteristics in response to
demands of tumor microenvironment, intracellular retention
of the therapeutic molecules for a sustained therapeutic effect.
Apart from these characteristics, the nanoparticles have to be
biocompatible and biodegradable.

In addition to targeting just the tumor cells, several
approaches are being developed to target the tumor
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microenvironment, cross-talk between the tumor cells and their
stroma and/or tumor vasculature. In hematologic malignancies,
disruption of interaction between stromal cell secreted/derived
factor-1 (SDF-1/CXCL12) and its receptor CXCR4 render
them sensitive to cytotoxic drugs [3]. Based on the EPR of the
tumor vasculature, quite a few nanoparticulate systems encapsu-
lating chemosensitizing, antiproliferative and anti-angiogenic
molecules, such as rapamycin, have been investigated. The
CSC/TIC (tumor initiating cell) are generally more resistant
to chemo-/radiotherapy than non-CSC/TIC. Cell surface
markers expressed by CSC are also generally shared by normal
somatic stem cells. Although the biomarkers exclusive to the
CSC have not been identified yet, telomerase, anti-apoptotic
factors, efflux transporters, detoxifying enzymes, oncogenic
cascades, including Hedgehog, EGFR, Wnt/B-catenin, Notch
and/or polycomb group (PcG) protein chromatin silencing
pathways are considered potential drug targets [46,106].

Opverall, it is imperative that none of the current therapeu-
tic strategies have the ability to eradicate the tumor cells.
Therefore, use of a multfunctional nanoparticle system
designed to target various cell populations in the cancer
microenvironment and their specific biomarkers would be a
promising approach. Ideally, such a system should have i) a
targeting molecule, ii) combination of therapeutic molecules
to specifically kill CSC or sensitize these cells for chemothe-
rapy and sensitize the drug-resistant cancer cells, and a cyto-
toxic drug, iii) a module that imparts spatially controlled
release of therapeutic molecules in the tumor microenviron-
ment. It is hoped that understanding the subtle differences
in signaling pathways between CSC and normal stem cells,
and CSC-specific therapeutics combined with developing
strategies to design biocompatible, tumor environment-
sensitive multifunctional nanoparticles, may be the most
promising approach for the future.

Declaration of interest

The authors declare no conflict of interest. This work was
supported partly by a grant from National Institutes of
Health (NIH R15 CA121980-01) and partly by a grant
from the Department of Defense — Breast Cancer Research
Program-Concept Award, to S. Palakurthi.

Expert Opin. Drug Deliv. (2012) 9(3) 297

RIGHTS LI N Ky



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

Recent trends in cancer drug resistance reversal strategies using nanoparticles

Bibliography

1. Chabner BA, Roberts TG Jr. Timeline: 14, Wirzesien-Kus A, Smolewski P, 25.  Liang XJ, Chen C, Zhao Y, et al.
chemotherapy and the war on cancer. Sobczak-Pluta A, et al. The inhibitor of Circumventing tumor resistance to
Nat Rev Cancer 2005;5:65-72 apoptosis protein family and its chemotherapy by nanotechnology.

2. Tomasetti C, Levy D. Role of symmetric antagonists in acute leukemias. Apoptosis Methods Mol Biol 2010;596:467-88
and asymmetric division of stem cells in 2004;9:705-15 26.  Matsumura Y, Maeda H. A new concept
developing drug resistance. Proc Natl 15.  Mackay HJ, Cameron D, Rahilly M, for macromolecular therapeutics in
Acad Sci USA 2010;107:16766-71 et al. Reduced MLH1 expression in cancer chemotherapy: mechanism of

3. Meads MB, Gatenby RA, Dalton WS. breast tumors after primary tumoritropic accumulation of proteins
Environment-mediated drug resistance: cherflothcrap}.z predicts disease-free and the antitumor agent smancs.

a major contributor to minimal residual survival. ] Clin Oncol 2000;18:87-93 Cancer Res 1986;46:6387-92
disease. Nat Rev Cancer 2009;9:665-74 16.  Meng CF, Dai DQ, Guo K]J. 27.  Dufort S, Sancey L, Coll JL.

4. Baird RD, Kaye SB. Drug resistance Effects of 5-Aza-2’-deoxycytidine and Physico-chemical parameters that govern
reversal-are we getting closer? trichostatin A on DNA methylation and nanoparticles fate also dictate rules for
Eur J Cancer 2003;39:2450-61 expression of hMLH1 in ovarian cancer their molecular evolution. Adv Drug

5 Fotoohi AK. Albertioni F. Mechani cell line COC1/DDP. Ai Zheng Deliv Rev 2011 (In press)

. otoohi AK, Albertioni F. Mechanisms
2008;27:1251-5 i
of antifolate resistance and methotrexate 28. Jabr-Milane LS, van Vlerken LE,
efficacy in leukemia cells. 17.  Eich M, Roos WP, Dianov GL, et al. Yadav S, et al. Multi-functional
Leuk Lymphoma 2008:49:410-26 Nijmegen breakage syndrome protein nanocarriers to overcome tumor drug
P Galmarini CM. W G (NBN) causes resistance to methylating resistance. Cancer Treat Rev
' S : marmll{ M"} arrlenEfF, ) anticancer drugs such as temozolomide. 2008;34:592-602
enanayzf € > ctak . taent Mol Pharmacol 2010;78:943-51 .
overcoming of drug resistance to 29. Dong X, Mumper RJ. Nanomedicinal
anticancer nucleoside analogs by 18.  Fedier A, Schwarz VA, Walt H, et al. strategies to treat multidrug-resistant
nanodelivery of active phosphorylated Resistance to topoisomerase poisons due TUMOIS: Current progress.
drugs. Int ] Pharm 2010;395:281-9 to loss of DNA mismatch repair. Nanomedicine (Lond) 2010;5:597-615

7. Dmitriev OY. Mechanism of tumor Inc J Cancer 2001;93:571-6 30 Harris AL. Hypoxia-a key regulatory
resistance to cisplatin mediated by the 19.  Lai GM, Moscow JA, Alvarez MG, et al. factor in tumour growth.
copper transporter ATP7B. Contribution of glutathione and Nat Rev Cancer 2002;2:38-47
Biochem Cell Biol 2011;89:138-47 glutathione—de.pende.nt en%ymes ifj the 31.  Kizaka-Kondoh S, Inoue M, Harada H,

. Szakacs G, Paterson JK, Ludwig JA reve.rsal of adna.mycm resistance in colon et al. Tumor hypoxia: a target for
et al. Targeting multidrug resistance in ja;r;llnz;nz 8(:86119;mes. Ine J Cancer selective cancer therapy. Cancer Sci
cancer. Nat Rev Drug Discov ] T o 2003;94:1021-8
2006;5:219-34 20. BalleyA H_H' L—AS,R—.buthlomne 32.  Shannon AM, Bouchier-Hayes D],

o Chen 7S, Tiwari AK. Multidrug su.lﬂ.Jxlm.me: historical (.kvelopment and Condron CM, et al. Tumour hypoxia,
resistance proteins (MRPS/ABCCS) in clinical issues. Chem Biol Interact chemotherapeutic resistance and

1998;111-112:239-54 : :
cancer chemotherapy and genetic hypoxia-related therapies.
diseases. FEBS ] 2011;278:3226-45 21.  Gartenhaus RB, Prachand SN, Cancer Treat Rev 2003;29:297-307
10.  Coley HM. Mechanisms and strategies to Pamaql.la. M’ et al /:sen;c wrioxide 33.  Semenza GL. Targeting HIF-1 for cancer
tot t .3.
overcome chemotherapy resistance in Cytotoxicity 1n s e.rm an therapy. Nat Rev Cancer 2003;3:721-32
. chemotherapy-resistant myeloma cell .
metastatic breast cancer. . . 34.  Milane L, Duan Z, Amiji M.
lines: enhancement of apoptosis by
Cancer Treat Rev 2008;34:378-90 manioulati £ cellular red Development of EGFR-targeted polymer
pulation of cellular redox state. ) o
11.  Fojo T, Bates S. Strategies for reversing Clin Cancer Res 2002;8:566-72 blend nanocarriers for combination
: paclitaxel/lonidamine delivery to treat
g;?g;;;t;l;zgnmgene 22. Guntur VP, Waldrep JC, Guo JJ, et al. multi-drug resistance in human breast
o Increasing p53 protein sensitizes and ovarian tumor cells. Mol Pharm

12. Tucker CA, Kapanen Al non-small cell lung cancer to paclitaxel 2011:8:185-203
Chikh G, et al. Silencing Bcl-2 in and cisplatin in vitro. Anticancer Res . . . .
models of mantle cell lymphoma is 2010;30:3557-64 35. Slm(})lﬂ SM Sc;undllezi M. Cen blologlcal
associated with decreases in cyclin D1, . mechanisms of multidrug resistance in

23.  Naujokat C, Fuchs D, Opelz G. :
nuclear factor-kappaB, p53, bax, and a}ljo o e pet . tumors. Proc Natl Acad Sci USA
Salinomycin in cancer: a new mission for 91. ~
p27 levels. Mol Cancer Ther 1994;91:3497-504
an old agent. Mol Med Rep
2008;7:749-58 2010:3:555-9 36.  Lee ES, Gao Z, Bae YH. Recent progress

13.  Cao X, Rodarte C, Zhang L, et al. Bcl2/ ’ . . in tumor pH targeting nanotechnology.
bel-xL inhibitor engenders apoptosis and 24, Usmani SZ, Bona R, Li Z. 17 AAG for J control Release 2008;132(3):164-70
. A HSP90 inhibition in cancer-from bench .
increases chemosensitivity in to bedside. Curr Mol Med 37.  Lee ES, Shin HJ, Na K, et al.
mesothelioma. Cancer Biol Ther ) Poly(L-histidine)-PEG block copolymer
2007:6:246.52 2009;9:654-64

298 Expert Opin. Drug Deliv. (2012) 9(3)

RIGHTS LI N Ky



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

micelles and pH-induced destabilizaton.

J Control Release 2003;90:363-74
Lee ES, Gao Z, Kim D, et al. Super

pH-sensitive multifunctional polymeric
micelle for tumor pH(e) specific TAT
exposure and multidrug resistance.

] Control Release 2008;129:228-36

Zhang H, Jiang H, Wang H, et al.
Ultrasound mediated drug-loaded
nanoparticles crossing cell membranes as
a new strategy to reverse cancer
multidrug resistance.

J Nanosci Nanotechnol 2011;11:1834-40

Bennis S, Chapey C, Couvreur P, et al.
Enhanced cytotoxicity of doxorubicin
encapsulated in polyisohexylcyanoacrylate
nanospheres against multidrug-resistant
tumour cells in culture. Eur J Cancer

1994;30A:89-93
Jiang Z, Chen BA, Xia GH, et al. The

reversal effect of magnetic

Fe304 nanoparticles loaded with
cisplatin on SKOV3/DDP ovarian
carcinoma cells. Int ] Nanomedicine
2009;4:107-14

Couvreur P, Stella B, Reddy LH, et al.
Squalenoyl nanomedicines as potential
therapeutics. Nano Lett 2006;6:2544-8

Reddy LH, Dubernet C, Mouelhi SL,

et al. A new nanomedicine of
gemcitabine displays enhanced anticancer
activity in sensitive and resistant
leukemia types. ] Control Release

2007;124:20-7
Dosio F, Reddy LH, Ferrero A, et al.

Novel nanoassemblies composed of
squalenoyl-paclitaxel derivatives:
synthesis, characterization, and biological
evaluation. Bioconjug Chem
2010;21:1349-61

Arias JL, Reddy LH, Othman M, et al.
Squalene based nanocomposites: a new
platform for the design of
multifunctional pharmaceutical
theragnostics. ACS Nano
2011;5:1513-21

Shapira A, Livney YD, Broxterman HJ,
et al. Nanomedicine for targeted cancer
therapy: towards the overcoming of drug

resistance. Drug Resist Updat
2011;14:150-63

Moffite KL, Martin SL, Walker B. From
sentencing to execution—the processes of
apoptosis. ] Pharm Pharmacol
2010;62:547-62

Aas T, Borresen AL, Geisler S, et al.

Specific P53 mutations are associated

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

with de novo resistance to doxorubicin in
breast cancer patients. Nat Med

1996;2:811-14
Bartel DP. MicroRNAs: genomics,

biogenesis, mechanism, and function.
Cell 2004;116:281-97

Cimmino A, Calin GA, Fabbri M, et al.
miR-15 and miR-16 induce apoptosis by
targeting BCL2. Proc Natl Acad Sci USA
2005;102:13944-9

He L, Thomson JM, Hemann MT, et al.
A microRNA polycistron as a potential
human oncogene. Nature

2005;435:828-33
Hayashita Y, Osada H, Tatematsu Y,

et al. A polycistronic microRNA cluster,
miR-17-92, is overexpressed in human
lung cancers and enhances cell

proliferation. Cancer Res

2005;65:9628-32

Gandellini P, Profumo V, Folini M,
et al. MicroRNAs as new therapeutic
targets and tools in cancer. Expert Opin

Ther Targets 2011;15:265-79
Kovalchuk O, Filkowski J, Meservy J,

et al. Involvement of microRNA-451 in
resistance of the MCF-7 breast cancer
cells to chemotherapeutic drug
doxorubicin. Mol Cancer Ther

2008;7:2152-9

Shi L, Chen J, Yang J, et al.

MiR-21 protected human glioblastoma
UB7MG cells from chemotherapeutic
drug temozolomide induced apoptosis by
decreasing Bax/Bcl-2 ratio and

caspase-3 activity. Brain Res
2010;1352:255-64

Zhao JJ, Lin J, Yang H, et al.
MicroRNA-221/222 negatively
regulates estrogen receptor alpha and is
associated with tamoxifen resistance in
breast cancer. ] Biol Chem

2008;283:31079-86

Fujita Y, Kojima K, Hamada N, et al.
Effects of miR-34a on cell growth and
chemoresistance in prostate cancer
PC3 cells. Biochem Biophys

Res Commun 2008;377:114-19

Yang H, Kong W, He L, et al.
MicroRNA expression profiling in
human ovarian cancer: miR-214 induces
cell survival and cisplatin resistance by
targeting PTEN. Cancer Res
2008;68:425-33

Boni V, Zarate R, Villa JC, et al. Role of
primary miRNA polymorphic variants in

metastatic colon cancer patients treated

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Palakurthi, Yellepeddi & Vangara

with 5-fluorouracil and irinotecan.
Pharmacogenomics ] 2010;11:429-36

Ji J, Shi J, Budhu A, et al.
MicroRNA expression, survival, and
response to interferon in liver cancer.

N Engl ] Med 2009;361:1437-47
Trang P, Wiggins JF, Daige CL, et al.

Systemic Delivery of tumor suppressor
microRNA mimics using a neutral lipid
emulsion inhibits lung tumors in mice.

Mol Ther 2011;61(19):1116-22

Liu XQ, Song WJ, Sun TM, et al.
Targeted delivery of antisense inhibitor
of miRNA for antiangiogenesis therapy
using cRGD-functionalized nanoparticles.
Mol Pharm 2011;8:250-9

Su J, Baigude H, McCarroll J, et al.
Silencing microRNA by interfering
nanoparticles in mice. Nucleic Acids Res

2011;39:e38
Fire A, Xu S, Montgomery MK, et al.

Potent and specific genetic interference
by double-stranded RNA in
caenorhabditis elegans. Nature

1998;391:806-11

Gottesman MM, Hrycyna CA,
Schoenlein PV, et al. Genetic analysis of
the multidrug transporter.

Annu Rev Genet 1995;29:607-49

Donmez Y, Akhmetova L, Iseri OD,

et al. Effect of MDR modulators
verapamil and promethazine on gene
expression levels of MDR1 and MRP1 in
doxorubicin-resistant MCF-7 cells.
Cancer Chemother Pharmacol

2011;67:823-8

Kim JW, Sahm H, You J, et al.
Knock-down of superoxide dismutase
1 sensitizes cisplatin-resistant human
ovarian cancer cells. Anticancer Res
2010;30:2577-81

Song X, Wang B,

Yin DL, et al. Down-regulation
of lung resistance related protein
by RNA interference targeting
survivin induces the reversal of
chemoresistances in hepatocellular
carcinoma. Chin Med J (Engl)
2009;122:2636-42

Prud’homme GJ, Glinka Y, Khan AS,
et al. Electroporation-enhanced nonviral
gene transfer for the prevention or
treatment of immunological, endocrine

and neoplastic diseases. Curr Gene Ther

2006;6:243-73

Mangala LS, Zuzel V, Schmandt R, et al.
Therapeutic Targeting of ATP7B in

Expert Opin. Drug Deliv. (2012) 9(3)

299

RIGHTS LI N Ky



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

Recent trends in cancer drug resistance reversal strategies using nanoparticles

Opvarian Carcinoma. Clin Cancer Res 79.  LiuY, Huang L, Liu F. Paclitaxel borders of osteoclasts. ] Cell Biol
2009;15:3770-80 nanocrystals for overcoming multidru: 1990;111:1305-11
b4 g g
71.  Abbasi M, Lavasanifar A, resistance in cancer. Mol Pharm 89.  Martinez-Zaguilan R, Lynch RM,
Berthiaume LG, et al. Cationic 2010:7:863-9 Martinez GM, et al. Vacuolar-type H(+)-
polymer-mediated small interfering 80.  Yao KS, Godwin AK, Johnson SW, et al. ATPases are functionally expressed in
RNA delivery for P-glycoprotein down- Evidence for altered regulation of lasma membranes of human tumor
ry for P-glycop 8 p
regulation in tumor cells. Cancer gamma-glutamylcysteine synthetase gene cells. Am ] Physiol 1993;265:C1015-29
2010;116:5544-54 expression among cisplatin-sensitive and 90.  Murakami T, Shibuya I, Ise T, et al.
72.  List AF, Kopecky KJ, Willman CL, et al. cisplatin-resistant human ovarian cancer Elevated expression of vacuolar proton
Benefit of cyclosporine modulation of cell lines. Cancer Res 1995;55:4367-74 pump genes and cellular PH in cisplatin
drug resistance in patients with poor-risk 81.  Benderra Z, Trussardi A, Morjani H, resistance. Int ] Cancer 2001;93:869-74
acute myeloid leukemia: a Southwest et al. Regulation of cellular glutathione 91.  Brown DP, Chin-Sinex H, Nie B, et al.
Oncology Group study. Blood modulates nuclear accumulation of Targeting superoxide dismutase 1 to
2001;98:3212-20 daunorubicin in human MCF7 cells overcome cisplatin resistance in human
73.  Daenen S, van der Holt B, Verhoef GE, overe.xp ressing r?iultidrug resistance ovarian cancer.
et al. Addition of cyclosporin A to the associated protein. Eur J Cancer Cancer Chemother Pharmacol
combination of mitoxantrone and 2000;36:428-34 2009;63:723-30
etoposide to overcome resistance to 82.  Griffith OW, Meister A. Potent and 92.  Omura S, Fujimoto T,
chemotherapy in refractory or relapsing specific inhibition of glutathione Oroguro K, et al. Lactacystin, a novel
acute myeloid leukaemia: a randomised synthesis by buthionine sulfoximine (S-n- microbial metabolite. induces
phase II trial from HOVON, the butyl homocysteine sulfoximine). neuritogenesis of neuroblastoma cells.
Dutch-Belgian Haemato-Oncology J Biol Chem 1979;254:7558-60 7 Antibiot (Tokyo) 1991;44:113-16
Working Group for adults. Leuk Res 83.  Byun SS, Kim SW, Choi H, etal. 93.  Kane RC, Farrell AT, Sridhara R, et al.
2004;28:1057-67 Augmentation of cisplatin sensitivity in United States food and drug
74.  Hollt V, Kouba M, Dietel M, et al. cisplatin-resistant human bladder cancer administration approval summary:
Stereoisomers of calcium antagonists cells by modulating glutathione bortezomib for the treatment of
which differ markedly in their potencies concentrations and glutathione-related progressive multiple myeloma after one
as calcium blockers are equally effective enzyme activities. BJU Int prior therapy. Clin Cancer Res
in modulating drug transport by 2005;95:1086-90 2006:12:2955-60
P-glycoprotein. Biochem Pharmacol 84.  Chen D, Chan R, Waxman S, et al. 94.  Landis-Piwowar KR, Milacic V, Chen D
1992;43:2601-8 Buthionine sulfoximine enhancement of et al. The proteasome as a potential
75.  Baer MR, George SL, Dodge RK, et al. arsenic trioxide-induced apoptosis in target for novel anticancer drugs and
Phase III study of the multidrug leukf.:mla arlld lyr.npf?oma cells is chemosensitizers. Drug Resist Updat
resistance modulator PSC-833 in mediated via activation of c-Jun NH2- 2006:9:263-73
previously untreated patients 60 years of terminal kinase and up-regulation of .
. . 95.  Katsman A, Umezawa K, Bonavida B.
age and older with acute myeloid death receptors. Cancer Res R | of resi .
leukemia: cancer and Leukemia Group B 2006;66:11416-23 hever54a oDr;sll\s/[t;lge fo cytotoxic cancer
therapies: as a
Study 9720. Blood 2002;100:1224-32 85. Bailey HH, Mulcahy RT, Tutsch KD, chemo-sensitizing and
76.  Guns ES, Denyssevych T, Dixon R, et al. Phase I clinical trial of intravenous immuno-sensitizing agent.
et al. Drug interaction studies between L-buthionine sulfoximine and melphalan: Drug Resist Updat 2007;10:1-12
paclitaxel (Taxol) and OC144-093-a new an attempt at modulation of glutathione. 9%. 1 M. Selii T. Kunieda K !
modulator of MDR in cancer J Clin Oncol 1994;12:194-205 ' mamura i, Sei L, Bune fl > crak
chemotherapy. Eur ] Dru Enhancement by hyperthermia of the
Metab Pharl::acokinet 20(%2 27:119-26 8. Seefelde T, Zhao Y, Chen W, et al. in vivo antitumour effect of doxorubicin
303837 Characterization of a novel hydrochlorid -
ydrochloride (DOX) and buthionine
77.  Minderman H, O’Loughlin KL, dithiocarbamate glutathione reductase sulfoximine (BSO)-hydroxyapatite (HAP)
Pendyala L, et al. VX-710 (biricodar) inhibitor and its use as a tool to complex. Int J Oncol 1997;10:961-4
increases drug retention and enhances modulate intracellular glutathione. 97, Song XR. Zhene Y, He G |
chemosensitivity in resistant cells J Biol Chem 2009;284:2729-37 ' ong A% #heng ¥, He b et a .
overexpressing P-glycoprotein, multidru Development of PLGA nanoparticles
resista:ce rogteing:ndpbreast ’cancer & 87.  Mahoney BP, R.ag.hurfand N, B‘aggett B, simultaneously loaded with vincristine
resistance }Izrotein’ Clia Cancer Res et al. Tumor acidity, ion trapping and and verapamil for treatment of
: chemotherapeutics. I. Acid pH affects the : :
2004:10:1826-34 JEORE ) hepatocellular carcinoma. J Pharm Sci
distribution of chemotherapeutic agents 2010:99:4874-9
78.  Dong X, Mattingly CA, Tseng MT, in vitro. Biochem Pharmacol . .
et al. Doxorubicin and paclitaxel-loaded 2003;66:1207-18 98. Khat.1 _M' The .future of aptamers in
L. . medicine. J Clin Pathol 2010;63:480-7
lipid-based nanoparticles overcome 88.  Vaananen HK, Karhukorpi EK,
multidrug refistance by in.hibiting Sundquist K, et al. Evidence for the 99.  Cerchia IH de‘l;ranmic?s V..dTargetmg
P-glycoprotein and depleting ATP. presence of a proton pump of the france; C;' s W‘; ‘;uzcoell; ;;1 Sf;’t;;ner&
Cancer Res 2009;69:3918-26 vacuolar H(+)-ATPase type in the ruffled rends Brotechno o
300 Expert Opin. Drug Deliv. (2012) 9(3)

RIGHTS LI N Ky



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Kunz C, Borghouts C, Buerger C, et al.
Peptide aptamers with binding specificity
for the intracellular domain of the
ErbB2 receptor interfere with AKT
signaling and sensitize breast cancer cells

to Taxol. Mol Cancer Res 2006;4:983-98

Dhar S, Gu FX, Langer R, et al.
Targeted delivery of cisplatin to prostate
cancer cells by aptamer functionalized Pt
(IV) prodrug-PLGA-PEG nanoparticles.
Proc Natl Acad Sci USA
2008;105:17356-61

Nakanishi C, Toi M. Nuclear
factor-kappaB inhibitors as sensitizers to
anticancer drugs. Nat Rev Cancer

2005;5:297-309

Mi J, Zhang X, Rabbani ZN, et al.
RNA aptamer-targeted inhibition of
NF-kappa B suppresses non-small cell
lung cancer resistance to doxorubicin.

Mol Ther 2008;16:66-73
Prestegarden L, Enger PO. Cancer stem

cells in the central nervous system-a
critical review. Cancer Res
2010;70:8255-8

Monzani E, Facchetti F, Galmozzi E,
et al. Melanoma contains CD133 and
ABCG?2 positive cells with enhanced

tumourigenic potential. Eur J Cancer

2007;43:935-46
La Porta CA. Mechanism of drug

sensitivity and resistance in melanoma.

Curr Cancer Drug Targets 2009;9:391-7
Calabrese C, Poppleton H, Kocak M,

et al. A perivascular niche for brain
tumor stem cells. Cancer Cell
2007;11:69-82

Donnenberg VS, Donnenberg AD.
Multiple drug resistance in cancer
revisited: the cancer stem cell hypothesis.

J Clin Pharmacol 2005;45:872-7

Wang Y, Wei YT, Zu ZH, et al.
Combination of hyaluronic acid hydrogel
scaffold and PLGA microspheres for
supporting survival of neural stem cells.
Pharm Res 2011;28:1406-14

Toma C, Fisher A, Wang ], et al.
Vascular endoluminal delivery of
mesenchymal stem cells using acoustic
radiation force. Tissue Eng Part A
2011;17:1457-64

Peer D, Karp JM, Hong S, et al.
Nanocarriers as an emerging platform for

cancer therapy. Nat Nanotechnol
2007;2:751-60

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Zhang H, Jiang H, Wang X, et al.
Reversion of multidrug resistance in
tumor by biocompatible nanomaterials.
Mini Rev Med Chem 2010;10:737-45

Xiao L, Xiong X, Sun X, et al. Role of
cellular uptake in the reversal of
multidrug resistance by

PEG-b-PLA polymeric micelles.
Biomaterials 2011;32:5148-57

Chen BA, Mao PP, Cheng J, et al.
Reversal of multidrug resistance by
magnetic Fe304 nanoparticle

copolymerizating daunorubicin and
MDR1 shRNA expression vector in
leukemia cells. Int ] Nanomedicine

2010;5:437-44
Song XR, Cai Z, Zheng Y, et al.

Reversion of multidrug resistance by
co-encapsulation of vincristine and
verapamil in PLGA nanoparticles. Eur J

Pharm Sci 2009;37:300-5
Patel NR, Rathi A, Mongayt D, et al.

Reversal of multidrug resistance by
co-delivery of tariquidar (XR9576) and
paclitaxel using long-circulating
liposomes. Int J Pharm 2011;416:296-9

Song M, Guo D, Pan C, et al. The
application of poly(N-
isopropylacrylamide)-co-polystyrene
nanofibers as an additive agent to
facilitate the cellular uptake of an
anticancer drug. Nanotechnology

2008;19:165102

Ren F, Chen R, Wang Y, et al.
Paclitaxel-loaded poly(n-
butylcyanoacrylate) nanoparticle delivery
system to overcome multidrug resistance

in ovarian cancer. Pharm Res

2011;28:897-906
Song SU, Boyce FM. Combination

treatment for osteosarcoma with
baculoviral vector mediated gene therapy
(p53) and chemotherapy (adriamycin).
Exp Mol Med 2001;33:46-53

Trepel M, Groscurth P, Malipiero U,
et al. Chemosensitivity of human
malignant glioma: modulation by
p53 gene transfer. ] Neurooncol

1998;39:19-32
Xie YS, Zhang YH, Liu SP, et al.

Synergistic gastric cancer inhibition by
chemogenetherapy with recombinant
human adenovirus p53 and epirubicin:

an in vitro and in vivo study. Oncol Rep

2010;24:1613-20

122.

123.

124.

125.

126.

127.

128.

Palakurthi, Yellepeddi & Vangara

Gjerset RA, Turla ST, Sobol RE, et al.
Use of wild-type p53 to achieve complete
treatment sensitization of tumor cells
expressing endogenous mutant p53.

Mol Carcinog 1995;14:275-85

Barberi-Heyob M, Vedrine PO,
Merlin JL, et al. Wild-type p53 gene
transfer into mutated p53 HT29 cells
improves sensitivity to photodynamic
therapy via induction of apoptosis.
Int ] Oncol 2004;24:951-8

Xu L, Pirollo KF, Chang EH.
Tumor-targeted p53-gene therapy
enhances the efficacy of conventional
chemo/radiotherapy. ] Control Release
2001;74:115-28

Huang Q, Xia Z, You Y, et al. Wild
Type p53 gene sensitizes rat C6 glioma
cells to HSV-TK/ACV treatment in vitro
and in vivo. Pathol Oncol Res

2010;16:509-14
Krutzfeldt J, Rajewsky N, Braich R, et al.

Silencing of microRNAs in vivo with
"antagomirs’. Nature 2005;438:685-9

Akinc A, Zumbuehl A, Goldberg M,

et al. A combinatorial library of lipid-like
materials for delivery of RNAi
therapeutics. Nat Biotechnol
2008;26:561-9

Chen Y, Zhu X, Zhang X, et al.
Nanoparticles modified with
tumor-targeting scFv deliver siRNA and
miRNA for cancer therapy. Mol Ther
2010;18:1650-6

Affiliation
Srinath Palakurthi'!,
Venkata Kashyap Yellepeddi® &

Kiran Kumar Vangara2

Author for correspondence

1 . . .
Associate Professor of Pharmaceutical Sciences,

Irma Lerma Rangel College of Pharmacy,
Texas A&M Health Science Center, MSC 131,
1010 W Ave B, Kingsville,

TX 78363, USA

Tel: +1 361 593 2566; Fax: +1 361 593 4303;
E-mail: Palakurthi@pharmacy.tamhsc.edu

2Graduate Research Assistant,

Irma Lerma Rangel College of Pharmacy,
Texas A&M Health Science Center,
MSC 131, 1010 W Ave B, Kingsville,
TX 78363, USA

Expert Opin. Drug Deliv. (2012) 9(3)

301

RIGHTS LI N Ky



