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ABSTRACT: Cancer stem cells (CSCs) contribute to pancreatic
cancer tumorigenesis through tumor initiation, drug resistance, and
metastasis. Currently, therapeutics targeting pancreatic CSCs are
under intensive investigation. This study tested a novel strategy that
utilizes the RON receptor as a drug delivery moiety for increased
therapeutic activity against pancreatic CSCs. CD24+CD44+ESA+

triple-positive pancreatic CSCs (CSCs+24/44/ESA) were obtained from
spheroids of pancreatic L3.6pl cancer cells by sequential magnetic
cell sorting methods. These cells displayed a spherical growth
pattern, expressed the unique self-renewal marker Bmi-1,
redifferentiated into an epithelial phenotype, acquired an epithelial
to mesenchymal phenotype, and caused tumor formation in animal models. Among several receptor tyrosine kinases examined,
RON was highly expressed and sustained by CSCs+24/44/ESA. This feature provided the cellular basis for validating the therapeutic
effectiveness of anti-RON antibody Zt/c9-directing doxorubicin-immunoliposomes (Zt/c9-Dox-IL). Zt/c9-Dox-IL specifically
interacted with CSCs+24/44/ESA and rapidly caused RON internalization, which led to the uptake of liposome-coated Dox.
Moreover, Zt/c9-Dox-IL was effective in reducing viability of L3.6pl cells and CSCs+24/44/ESA. The IC50 values between free Dox
(62.0 ± 3.1 μM) and Zt/c9-Dox-IL (95.0 ± 6.1 μM) treated CSCs+24/44/ESA were at relatively comparable levels. In addition, Zt/
c9-Dox-IL in combination with small molecule inhibitors lapatinib, sunitinib, or dasatinib further reduced the viability of
CSCs+24/44/ESA. In conclusion, RON expression by CSCs+24/44/ESA is a suitable molecule for the targeted delivery of chemoagents.
The anti-RON antibody-directed delivery of chemotherapeutics is effective in reducing viability of pancreatic CSCs.
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■ INTRODUCTION

Cancer-initiating cells, also known as cancer stem cells (CSCs),
have been studied in various epithelial tumors, including
pancreatic ductal adenocarcinoma (PDAC).1−3 PDAC is a
malignant disease developed through transformation of normal
pancreatic cells into precursor pancreatic intraepithelial neo-
plastic cells.4 Clinically, early metastasis and acquired chemo-
resistance are the major pathogenic features of PDAC.4

Currently, gemcitabine-based chemotherapy is the mainstay,
but with limited benefits.4−6 Small molecule inhibitor erlotinib
that targets EGFR has recently been used in combination with
gemcitabine to treat PDAC.7 Again, this therapy exerts little
impact on the course of this aggressive cancer.7 Increasing
evidence indicates that the malignancy of PDAC is sustained
by CSCs.2,3,8 CSCs from PDAC are highly tumorigenic and
possess the ability to both self-renew and to produce
differentiated progeny.9,10 Acquired PDAC chemoresistance

also has been attributed to CSCs.10,11 An analysis of cellular
markers has shown that pancreatic CSCs simultaneously
express CD44, CD24, and ESA.9 A distinct population of
CD133 positive pancreatic CSCs also has been shown to
determine tumor growth and metastatic activity.10 In addition,
aldehyde dehydrogenase (ALDH)-1α and transcription factor
Bmi-1 have been used to validate pancreatic CSCs.9,10 Recently,
experimental therapies using therapeutic antibodies and small
molecule inhibitors have been applied to target pancreatic
CSCs.11,12 Results from these preclinical studies show that
these agents are effective in eliminating pancreatic CSCs,
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resulting in long-term disease control in animal models of
human PDAC.11,12

Altered expression and activation of receptor tyrosine kinases
(RTKs) including the epidermal growth factor (EGFR), MET,
vascular endothelial growth factor (VEGFR), and RON are
commonly observed in epithelial cancers such as PDAC.4,13−16

The finding that self-renewal in CSCs might be governed by
signaling of the EFGR family strongly suggests that RTKs play
a pivotal role in CSC pathogenesis.17,18 Thus, RTK targeting by
therapeutic antibodies or SMIs to eliminate CSCs is a logical
approach. Another approach is to target RTKs for intracellular
delivery of cytotoxic therapeutics to kill drug resistant cancer
cells, including CSCs. In this sense, targeted delivery of therapeutic
agents through lipid carrier systems such as antibody-directed
immunoliposomes (ILs) has attracted particular interest.19

Recent advances in liposome (LS) technology have yielded
“sterically stabilized” or “stealth” LS's with prolonged
circulation time and enhanced tumor extravasation.19 The use
of antibodies specific to RTKs in combination with LS
technology has provided a platform to improve the therapeutic
efficacy of chemoagents.20,21 Studies using both in vitro and
in vivo models have shown that, by targeting cancer cells
overexpressing EGFR or HER2, cetuximab or trastuzumab-
directed drug delivery significantly enhances the efficacies of
multiple chemoagents against various types of cancer cells.20,21

Clearly, antibody-directed IL therapy should have potential for
targeting distinct tumor populations such as CSCs.
Activation and overexpression of RON contribute to PDAC

pathogenesis.16,22−24 We and others have previously demon-
strated that the RON aberration plays a pathogenic role in
PDAC.16,22−28 RON belongs to the MET pro-oncogene
family24 and is mainly expressed in cells of epithelial origin.16

Immunohistochemical analysis has discovered that RON is
overexpressed in more than 30% to 80% of primary and
metastatic PDAC samples.16,22,23 Overexpression often results
in RON constitutive phosphorylation, leading to activation of
multiple signaling pathways such as MAP kinase and PI-3
kinase cascades.29 These pathways are essential for PDAC cell
migration and matrix invasion.25,26 Moreover, RON activation
regulates VEGF production by several PDAC cell lines.25

Silencing RON expression promotes PDAC cell apoptotic
death and increases gemcitabine sensitivity in cultured
pancreatic cancer cells.25,26 Significantly, the human neutraliz-
ing antibody specific to RON shows therapeutic effects on
pancreatic xenograft tumor models.28 Clearly, these studies
demonstrate that altered RON expression contributes to PDAC
pathogenesis and that targeting RON may have therapeutic
significance in clinical applications.
The goal of this study is to determine if RON expressed

by pancreatic CSCs is a potential moiety for delivery of
chemoagents for enhanced therapeutic activity. Our objective
is to demonstrate an important proof-of-principle for an
RTK-mediated targeting strategy for eliminating CSCs of
PDAC. Using human PDAC L3.6pl cells as the model,
CD24+CD44+ESA+ pancreatic CSCs were isolated and
characterized through various biochemical and biological
methods. Among several RTKs analyzed, RON expression
was found to be sustained by CD24+CD44+ESA+ pancreatic
CSCs, which provides the cellular basis for antibody-directed
drug delivery. The binding of anti-RON antibody-directed ILs
to CSCs causes RON internalization, which enables uptake of
the liposomal doxorubicin (Dox). The use of Dox for the
current study is to determine if anti-RON-directed IL approach

is suitable for the targeted delivery of chemoagents. The IL-
mediated drug uptake also resulted in the reduction of CSC
viability as compared to nonspecific liposomal Dox-delivery.
Thus, the RON receptor expressed by pancreatic CSCs is a
suitable targeting moiety for an increased uptake of chemo-
therapeutic agents.

■ MATERIALS AND METHODS
Cell Lines, Antibodies, Reagents, and Drugs. The

human pancreatic cancer cell line L3.6pl was kindly provided
by Dr. G. E. Gallick (University of Texas M.D. Anderson
Cancer Center, Houston, TX).29 Panc-1 cells were from ATCC
(Manassas, VA). Human mature macrophage-stimulating
protein (MSP) was purified from human plasma by an anti-
MSP antibody affinity column followed by high-performance
liquid chromatography as previously described.30 Mouse
monoclonal antibody (mAb) Zt/g4 to human RON was used
as previously described.31 Anti-RON mAb Zt/c9 was produced
by standard hybridoma methods as previously described.31

Zt/c9 and Zt/g4 are highly specific and sensitive to human
RON and recognize different epitopes in the RON extracellular
domain.31,32 The rabbit IgG antibody (R5029) specific to
human RON C-terminal peptide was used as previously
described.31 Rat anti-MET and EGFR IgG antibodies were
from eBiosciences (San Diego, CA) and Abcam (Cambridge,
MA), respectively. Mouse mAb to VEGFR was from BD
Biosciences (San Jose, CA). Mouse mAbs specific to
phosphotyrosine (clone PY100), Erk1/2, and AKT were from
Cell Signaling Technology, Inc. (Danvers, MA). Rabbit IgG
antibodies to transcription factor Bmi-1 and ALDH-1α were
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Mouse
mAbs to CD24 and CD44 were from BD Biosciences (San
Jose, CA), and mouse mAb to human ESA was from
eBiosicences (San Diego, CA). Normal mouse IgG and goat
antimouse IgG labeled with fluorescein isothiocyanate (FITC)
were from Jackson Immunoresearch Lab (West Grove, PA).
Small molecule inhibitors (SMIs) including lapatinib, sunitinib,
and dasatinib were from LC Laboratories (Woburn, MA).
Gemcitabine, methotrexate, and Dox were from Alexis
Biochemicals (San Diego, CA). PEGylated-liposomal Dox
(PLD) was from Ortho Biotech Products LP (Horsham, PA)
and served as the control in various experiments.
Chemicals, Lipids, and IL Preparation. Chemicals and

phospholipids (PPL) including cholesterol, hydrogenated soya
phosphatidylcholine, and rhodamine phosphatidyl-ethanol-
amine (RD-PE) were from Avanti Polar Lipids (Birmingham,
AL). LS's were prepared by the hydration of thin lipid film and
adjusted to the size of 105 ± 10 nM by size-extrusion methods
as previously described.33 Dox loaded into LS's (LS-Dox) was
performed using ammonium sulfate exchange methods.33 The
incorporation of fluorescence dye RD into LS's (LS-RD) was
carried out using RD-PE as previously described.33 The
incorporation of anti-RON mAb Zt/c9 or normal mouse IgG
into LS-Dox to form ILs (Zt/c9-Dox-IL or NIg-Dox-IL) was
conducted by the postinsertion technique.34 Briefly, Zt/c9 and
control IgG were first thiolated using Traut's reagents and then
conjugated with micelles prepared from mPEG2000DSPE:Mal-
PEG2000DSPE (4:1 molar ratio) as described previously.34 The
conjugation efficacy for both Zt/c9 and control IgG was at
70%. The amount of IgG incorporation on ILs was determined
by 10% sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis using IgG standards followed
by densitometry analysis.33 The amounts of Zt/c9 and normal
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mouse IgG inserted on ILs were 45 ± 4 μg and 48 ± 6 μg of
proteins per mg of PPL per 200 ± 30 μg of Dox, respectively.
The rate of Dox leakage between LS's and ILs was tested at
37 °C. Differences between the two preparations were not
observed.
Spheroid Formation and Isolation of Pancreatic CSCs

from L3.6pl Cells. We used a two-step approach to isolate
CD24+CD44+ESA+ triple-positive pancreatic CSCs. The first
step is to generate spheroids as previously described.10 Single
L3.6pl cells were cultured in ultralow adhesion plates in the
CSC media (MEM/F12 containing B27 supplement, 10 ng/mL
bFGF, and 20 ng/mL EGF). At day 60, the generated spheroid
cells were used to isolate triple positive cells expressing CD44+,
CD24+, and ESA+ (designated as CSCs+24/44/ESA) by the
magnetic cell sorting method that sequentially isolates CD24,
CD44, and ESA triple positive cells using individual antibodies.
Cell surface and intracellular markers of CSCs+24/44/ESA were
determined by various biochemical and biological methods.
Western Blotting, Immunoprecipitation, and Protein

Phosphorylation Assays. Western blot analysis was per-
formed as previously described.16 Rabbit IgG antibody (R5029)
was used to detect RON followed by enhanced chemilumines-
cent reagents (Thermo Scientific, Meridian, IL). To determine
RON phosphorylation, cells were stimulated with MSP or
Zt/c9 for 15 min at 37 °C, lysed in lysis buffer, and then
immunoprecipitated with anti-RON mAb Zt/g4. Phosphory-
lated RON was detected by Western blotting using mAb
PY100. Phosphorylation of Erk1/2, AKT, and other proteins
was determined by Western blotting using individual antibodies
as previously described.16

Immunofluorescence Analysis of Zt/c9 Binding and
RON Internalization in L3.6pl Cells and CSCs. Cell
surface-binding activities of Zt/c9 and other mAbs were
determined as previously described.33 L3.6pl cells at 1 × 105

cells/sample were incubated with 2 nM of individual mAbs at
4 °C for 45 min followed by the addition of antimouse IgG
coupled with FITC. Normal mouse IgG was used as the
control. To determine if Zt/c9 competes with MSP for RON
binding, cells were treated with 2 nM of Zt/c9 in the presence
or absence of increased amounts of MSP. To determine if
Zt/c9 induces RON internalization, cells were first incubated at
37 or 4 °C with 1 μg of Zt/c9 for 60 min and then washed with
an acidic buffer (150 mM NaCl, pH 2.5) to eliminate
antibodies bound on the cell surface.33 Cells without acidic
wash served as the control. In certain experiments, cells were
treated with 10 μg/mL of endocytic inhibitor cytochalasin B
(Cc-B) to verify if the inhibition of receptor internalization
occurs.33 Cell surface fluorescence intensities were measured
and determined by BD FACScan as described previously.33

Methods for Measuring Cellular Uptakes of Zt/c9-RD-
IL. Three methods were used to determine cellular uptake of
Zt/c9-directed IL. The first is a confocal microscope-based
method, in which RD is used as the indicator of cellular
uptake.33 L3.6pl cells or CSCs+24/44/ESA were treated at 37 °C
with Zt/c9-RD-IL in the presence or absence of excessive free
Zt/c9 (2 μg of IgG per sample) for 60 min. Cells treated with
NIg-RD-IL served as the control. After incubation, cells were
washed with PBS, fixed with 4% paraformaldehyde solution,
and then observed under the Olympus DSU confocal
microscope. The second method uses the uptake of PPL by
cells as the indicator.33 In this assay, the fluorescence intensities
of RD were quantitatively measured and then converted into
the amounts of PPL incorporated into Zt/c9-RD-IL.33 Briefly,

cells were incubated with various amounts of Zt/c9-RD-IL or
NIg-RD-IL at 4 or 37 °C for 60 min and then washed with PBS.
The fluorescence intensities from cell lysates were measured by
a Bio-TeK fluorescence microplate reader (excitation at 557 nm
and emission at 571 nm, Winooski, VT). The uptake was
calculated and converted to the amounts of PPL associated with
cells.33 The third method directly measured the amounts of
cell-associated Dox after cells were incubated at 37 °C for
60 min with Zt/c9-Dox-IL as previously described.33 NIg-Dox-
IL was used as the control. After extensive washing, cells were
lysed. The fluorescence emission of Dox in cell lysates was
measured at 592 nm using the Bio-Tek fluorescence microplate
reader.
MTS Assays for Cell Viability. The sensitivity of L3.6pl

cells and CSCs+24/44/ESA to individual chemoagents, SMIs, and
Zt/c9-directed ILs was determined using the MTS assay as
previously described.33 Cells (1 × 104 cells per well in triplicate
in a 96-well plate) were treated with various amounts of
chemoagents, Zt/c9-Dox-IL, or SMIs. For measuring IC50 of
free chemoagents and SMIs, cells were treated with drugs for
72 h. For measuring IC50 of PLD, Zt/c9-Dox-IL, and NIg-Dox-
IL, cells were treated only for 60 min followed by washing. The
60 min treatment is necessary to avoid nonspecific interaction
of LS's with the cell membrane, leading to an increase in drug
uptake. In all cases, cell viability was determined at 72 h by
measuring the remaining viable cells. Percentages of viable cells
were defined as the treatment group divided by control group,
multiplied by 100%. Growth inhibition caused by SMIs was
determined by comparing treatment groups with the control
cells defined as 100% of growth to reach the percentage of
growth inhibition. IC50 values from experimental and control
groups were calculated as previously described.33

CSCs in Vivo Tumorigenic Assay. Isolated triple positive
CSCs+24/44/ESA (500 cells in 50 μL PBS per site) were
subcutaneously injected into the hindflank region of athymic
nude mice (six mice per group). L3.6pl cells (10,000 cells per
injection) were used as the control. Mice were monitored for
40 days for tumor growth as previously described.10

Statistical Analysis. Experiments were performed at least
two or three times with samples tested in triplicate. Results
were expressed as mean ± SEM All statistical analyses were
conducted using Prism 3.0 statistical software (GraphPad
Software Inc., San Diego, CA). Data were analyzed either by
Student's t test or by one-way or two-way analysis of variance
(ANOVA) in conjunction with Tukey's posthoc test to
determine differences among individual groups. Differences
were considered statistically significant at p < 0.05.

■ RESULTS
CD24+CD44+ESA+ Spheroid Cells Derived from Pan-

creatic Cancer L3.6pl Cells Display the Stem Cell
Phenotype. Isolation of CSCs+24/44/ESA was performed by a
two-step method using L3.6pl cells which are known to
generate CSCs.10,35 CSCs+24/44/ESA grew as spheres when they
were cultured in CSC media (Figure 1A). Flow cytometric
analysis revealed that more than 97% of isolated cells were
triple positive for CSC markers of CD24+, CD44+, and ESA+

(Figure 1B). Interestingly, CD133 expression was not increased
and barely detected in CSCs+24/44/ESA (data not shown).
Expression of transcription factor Bmi-1,9,10 a marker for self-
renewal, was detected in CSCs+24/44/ESA but not in parental
L3.6pl cells. Moreover, increased ALDH-1α expression,9,10

known as the functional marker for CSCs and progenitor cells,
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was detected in CSCs+24/44/ESA (Figure 1C). The analysis of
E-cadherin and vimentin by Western blotting confirmed that
CSCs+24/44/ESA display a phenotype of the epithelial to
mesenchymal transition (EMT), which is characterized by a
diminished epithelial appearance and gain of mesenchymal
phenotype (Figure 1D).36 Expression of the transcription
repressor Slug, which regulates EMT,37 also was increased in
CSCs+24/44/ESA. These observations were consistent with CSCs
isolated from clinical PDAC samples as reported previously.9

A functional study showed that, when CSCs+24/44/ESA were
reintroduced into FBS containing culture media, a polarized
epithelial morphology reappeared with formation of tight
junctions (Figure 2A). Such an appearance was indistinguish-
able from morphologies of parental L3.6pl cells. The
fluorescence analysis of CD24, CD44, and ESA in rediffer-
entiated cells 15 days after regular culture revealed that
percentages of CD24+ cells were dramatically reduced. A
reduction of CD44+ and ESA+ cells also was observed (Figure
2B). An analysis of cellular proteins confirmed that epithelial
marker E-cadherin reappeared in the differentiated cells, which
was accompanied by diminished slug expression (Figure 2C).

These phenotypic changes also were associated with a
diminished expression of Bmi-1 in the redifferentiated cells
(Figure 2C). These results suggest that CSCs+24/44/ESA have the
ability to differentiate into epithelial cell phenotype. Finally,
in vivo studies confirmed that CSCs+24/44/ESA caused tumor
growth when cells (500 cells per site) were injected into
athymic nude mice (five positive results from six injected mice).
In contrast, an injection of L3.6pl cells at 10 000 cells per site
did not form tumors in control mice (six negative results from
six injected mice). Thus, results in Figures 1 and 2 demonstrate
that CSCs+24/44/ESA derived from L3.6pl cells display stem cell-
like phenotype.
CSCs+24/44/ESA Are Less Sensitive to Therapeutic

Activities of Chemoagents and SMIs. Drug-sensitivity
profiles of CSCs+24/44/ESA toward chemoagents gemcitabine,
methotrexate, and Dox are shown in Table 1. Cells were treated
with individual drugs for 72 h followed by the MTS assay.
L3.6pl cells were highly sensitive to drug treatment with
reduced cell viability. The IC50 value was 6.0 nM for
gemcitabine, 9.0 nM for methotrexate, and 90.0 nM for Dox.
In contrast, the IC50 values from CSCs+24/44/ESA treated with the
same drugs increased greatly, ranging from 94.0 nM for
gemcitabine, 210.0 nM for methotrexate, and 850.0 nM for
Dox. These results suggest the extremely low sensitivities of
CSCs+24/44/ESA toward three chemotherapeutic agents.
We also tested the growth-inhibitory effect of lapatinib,

dasatinib, and sunitinib on CSCs+24/44/ESA (Table 1). Again,
L3.6pl cells were sensitive to the inhibitory effect of these SMIs.
The IC50 value was 2.0 μM for lapatinib, 0.7 μM for dasatinib,
and 1.8 μM for sunitinib. In contrast, CSCs+24/44/ESA showed
reduced sensitivity to SMIs with the IC50 values at 28 μM for
lapatinib, 5.0 μM for dasatinib, and 8.7 μM for sunitinib.
Regardless of the mechanisms involved in drug sensitivity,
results in Table 1 indicate that CSCs+24/44/ESA were insensitive
to the chemoagent-induced effect. Their sensitivity toward
SMI-induced growth inhibition also was reduced compared to
L3.6pl cells.

Figure 1. Phenotypes of pancreatic CSCs+24/44/ESA isolated from
L3.6pl cells. (A) L3.6pl cells showed typical epithelial morphologies in
MEM containing 10% FBS. Spheroid cells were generated by culturing
cells in ultralow adhesion plates in CSCs media. At day 60,
CSCs+24/44/ESA were isolated from spheroid cells by the magnetic cell
sorting method that sequentially isolates CD24, CD44, and ESA triple
positive cells using individual antibodies. The image of CSC+24/44/ESA

was taken 48 h after isolation. (B) L3.6pl, spheroid, and CSCs+24/44/ESA

(0.5 × 105 cells per sample) were incubated at 4 °C with individual
antibodies specific to CD24, CD44, ESA, and CD133, followed by
antimouse IgG coupled with FITC. Normal mouse IgG was used as
the control. The percentages of CD24+CD44+ESA+ triple-positive cells
were more than 97%. The fluorescence intensity was determined as
previously described.31 (C) Cell lysates (50 μg per sample) from
adherent L3.6pl and cultured CSCs+24/44/ESA were subjected to
Western blot analysis to determine Bmi-1 and ALDH-1α expression.
Cellular proteins from K562 cells were used as the positive control for
Bmi-1. β-actin was used as the sample loading control. (D) Western
blot detection of E-cadherin, vimentin, and slug in cellular proteins
from CSCs+24/44/ESA was performed using individual specific antibodies
as described in C. β-actin was used as the sample loading control. Data
shown here are from one of three experiments with similar results.

Figure 2. Differentiation of CSCs+24/44/ESA in FBS containing media.
(A) Spheroids of CSCs+24/44/ESA were cultured in MEM containing
10% FBS and epithelial morphologies reappeared. L3.6pl cells were
used as the control. (B) Differentiated CSCs+24/44/ESA were subjected
to immunofluorescence analysis as described in Figure 1B. Levels of
CD24, CD44, and ESA expression were observed. (C) Diminished
Bmi-1 and increased E-cadherin expression in differentiated
CSCs+24/44/ESA was determined by Western blot analysis using specific
antibodies. L3.6pl cells and CSCs+24/44/ESA were used as the control.
Data shown here are from one of three experiments with similar
results.
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Sustained RON Expression and Activation in L3.6pl-
Derived CSCs+24/44/ESA. Altered RTK expression occurs in
PDAC and is a potential therapeutic target.4,7 Using immuno-
fluorescence cell surface analysis, we determined RON, MET,
EGFR, and VEGFR expression by CSCs+24/44/ESA (Figure 3A).
MET and VEGFR were minimally expressed by L3.6pl cells and
CSCs+24/44/ESA. EGFR expression was relatively high in L3.6pl
cells but moderately reduced in CSCs+24/44/ESA. To our surprise,
RON expression was sustained in CSCs+24/44/ESA, although a
moderate reduction was observed compared to levels of RON
in L3.6pl cells. Results from Western blotting of MET, VEGFR,
and EGFR expression by CSCs+24/44/ESA (data not shown) were
consistent with those from immunofluorescence analysis. Only
a sustained RON expression was detected in CSCs+24/44/ESA

(Figure 3B,a), and its expression levels were consistent with
those from flow cytometric analysis.
RON-mediated signaling events were studied by stimulation

of CSCs+24/44/ESA with ligand MSP or Zt/c9 (Figure 3B,a). MSP
and Zt/c9 strongly induced RON phosphorylation in
CSCs+24/44/ESA. Stimulation also caused phosphorylation of
Erk1/2 and AKT (Figure 3B,b and c). To verify if RON
activation exerts any biological effects, RON-mediated prolifer-
ation of L3.6pl cells or CSCs+24/44/ESA was determined by using
the MTS assay (Figure 3C). MSP slightly increased L3.6pl cell
numbers in a time-dependent manner. However, this effect was
not observed in CSCs+24/44/ESA, indicating the minimal effect of
MSP on the growth of CSCs+24/44/ESA. We then studied whether
RON activation decreases the drug sensitivity of CSCs+24/44/ESA.
Consistent with results shown in Table 1, CSCs+24/44/ESA, in
comparison with L3.6pl cells, showed reduced sensitivity to the
gemcitabine-induced effect with the IC50 value at about 97 nM
(Figure 3D). MSP stimulation did not further change the drug
sensitivity of CSCs+24/44/ESA. Thus, results in Figure 3 indicate
that RON is expressed and activated by MSP or Zt/c9. However,
such activation was not sufficient to increase proliferation and to
decrease the drug sensitivity of CSCs+24/44/ESA.
Zt/c9 Effectively Induces RON Internalization and

Subsequent Dox-IL Uptake by CSCs+24/44/ESA. Sustained
RON expressionbut not other RTKsin CSCs+24/44/ESA

prompted us to determine if RON is suitable as a targeting
moiety for antibody-directed drug delivery. Anti-RON mAb Zt/
c9 was selected because of its high specificity and sensitivity to
RON and because it does not compete with MSP for receptor

Table 1. Therapeutic Activity of Chemoagents and Small Molecule Inhibitors (SMIs) in the Viability of L3.6pl Cells and
CSCs+24/44/ESA a

effect (IC50, μM) on

drug biomolecules affected L3.6pl CSCs+CD24/44/ESA fold increaseb

Chemoagents
gemcitabine DNA and ribonucleotide reductase 0.006 ± 0.002 0.094 ± 0.008 15.7
methotrexate metabolic enzymes DHFR, TS, and others 0.009 ± 0.001 0.21 ± 0.12 23.3
doxorubicin Topoisomerase II and DNA 0.09 ± 0.01 0.85 ± 0.02 9.4

Targeted SMIs
lapatinib EGFR and Her2 2.0 ± 0.08 28.0 ± 1.1 14.0
dasatinib Bcr/abl, Src, c-Kit, and Eph kinases 0.7 ± 0.1 5.00 ± 0.23 7.2
sunitinib PDGFr, VEGFR, C-Kit, Ret, and Flt3 1.8 ± 0.024 8.7 ± 0.55 4.8

aCells (1 × 104 cells per well in triplicate in a 96-well plate) were treated for 72 h at 37 °C with various amounts of chemoagents or SMIs. Cell
viability was determined by the percentage of remaining viable cells. The cytostatic effect caused by SMIs presented as a percentage of growth
inhibition. Results shown here are from one of three experiments with similar results. bThe fold increase was calculated by values from
CSCs+24/44/ESA divided by values from L3.6pl cells.

Figure 3. Sustained RON expression, activation, and biological
activities in CSCs+24/44/ESA. (A) Individual RTK expression by L3.6pl
cells or CSCs+24/44/ESA was performed by immunofluorescence analysis
as described in Figure 1B. Cells at 0.5 × 105 cells per sample were
incubated with individual antibodies followed by FITC-coupled
second antibody. Normal mouse IgG was used as the control. The
fluorescence intensity was determined as previously described.31 (B)
L3.6pl cells or CSCs+24/44/ESA (1.5 × 106 cells per sample) were
stimulated at 37 °C with 2 nM of MSP or Zt/c9 for 15 min.
Phosphorylated RON was determined by Western blotting using mAb
PY100 after immunoprecipitation of RON with anti-RON mAb Zt/g4
from cell lysates (100 μg per sample). Phosphorylated Erk1/2 and
AKT were directly detected from cell lysates by Western blotting using
individual antiphospho-antibodies. Membranes were also reprobed
with antibodies to RON, Erk1/2, or AKT to verify levels of individual
protein expression. Levels of actin were used as the loading control for
each protein. MSP-induced cell proliferation was performed by
incubating L3.6pl or CSCs+24/44/ESA (1 × 104 cells/well in triplicate)
in a 96-well plate with 2 nM of MSP for various days. Unstimulated
cells were used as the control. Cell growth was determined by the
MTS assay, and cell numbers were obtained as previously described.31

(D) MSP-regulated drug sensitivity of L3.6pl cells or CSCs+24/44/ESA

was determined by incubating cells (0.5 × 105 cells per well in
triplicate in a 96-well plate) with or without different amounts of
gemcitabine for 60 min followed by washing and medium change. Cell
viability was determined by the MTS assay. The % of cell viability was
calculated as previously described.33 Data shown here are from one of
three experiments with similar results.
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binding (Figure 4A and B). Binding of Zt/c9 to RON on
L3.6pl cells also rapidly induced RON internalization, which

was prevented by endocytic inhibitor Cc-B (Figure 4C). To
further study Zt/c9-induced RON internalization, we used a
confocal microscope to analyze Zt/c9-induced RON internal-
ization. RD-loaded Zt/c9-IL was prepared (Zt/c9-RD-IL) and
used as an indication marker. As the control, incubation of
CSCs+24/44/ESA with NIg-RD-IL did not show visible fluores-
cence either on the cell surface or in the cytoplasm (Figure 5A).
In contrast, high levels of intracellular RD fluorescence were
observed in CSCs+24/44/ESA treated with Zt/c9-RD-IL (Figure
5A). In control L3.6pl cells, cytoplasmic fluorescence also was
seen after the addition of Zt/c9-RD-IL, but not NIg-RD-IL.
To study IL uptake in more detail, PPL from Zt/c9-RD-IL

was used as the indication marker. L3.6pl cells and
CSCs+24/44/ESA were treated with different amounts of Zt/c9-
RD-IL or NIg-RD-IL (adjusted to the levels of PPL) for 1 h or
3 h at 37 °C. We observed a marked increase in the amount of
PPL associated with CSCs+24/44/ESA treated with Zt/c9-RD-IL
(Figure 5B). The increased uptake by CSCs+24/44/ESA was
slightly lower than that of control L3.6pl cells treated with
Zt/c9-RD-IL. In contrast, no dramatic increase was seen in cells
treated with NIg-RD-IL. These results suggest that Zt/c9-RD-
IL uptake was increased through a Zt/c9-mediated mechanism.
To verify the above results, levels of Dox associated with

CSCs+24/44/ESA after treatment with NIg-Dox-IL or Zt/c9-Dox-IL

were directly measured by fluorescence emission of Dox at
592 nm.20 Results in Figure 5C show that, after incubation for
1 h or 3 h, the amount of Dox in Zt/c9-IL treated CSCs+24/44/ESA

was higher than that of CSCs+24/44/ESA treated with NIg-Dox-IL.
Similar results were also observed when L3.6pl cells were used,
which showed a relatively higher uptake of Zt/c9-Dox-IL. Thus,
as shown by confocal analysis, PPL quantitation, and Dox
measurement, Zt/c9 effectively induced RON internalization,
which leads to the uptake of Dox by CSCs+24/44/ESA.
Zt/c9-Directed Dox-IL Effectively Exerts Therapeutic

Activity against CSCs+24/44/ESA. The effect of Zt/c9-Dox-IL
on the viability of CSCs+24/44/ESA is shown in Table 2.
Experiments were performed in which cells were treated for
only 60 min with different amounts of free Dox, PLD, NIg-
Dox-IL, and Zt/c9-Dox-IL. Such a short period of treatment
avoids the increase in drug uptake caused by nonspecific
interaction of LS's with the cell membrane. Under such

Figure 4. Biochemical features of Zt/c9 in competion with MSP
binding and RON internalization. L3.6pl cells (2 × 105 cells per
sample) were incubated with 2 nM of Zt/c9 for 45 min. Normal
mouse IgG was used as the control. Immunofluorescence was
determined as previously described.31 (A) Binding of Zt/c9 and
other anti-RON mAbs to RON was performed at 4 °C by incubating
cells with individual mAbs followed by goat-antimouse IgG coupled
with FITC. Zt/g4 was used as the positive control. (B) Zt/c9 in
competition with MSP in binding to RON was performed by
incubating cells at 4 or 37 °C with Zt/c9 with different amounts of
MSP for 45 min. Cells incubated with Zt/c9 alone were used as the
positive control. (C) Anti-RON mAb-induced RON internalization
was determined by incubating cells with Zt/c9 at 37 °C followed by
washing with acidic buffer to remove cell surface-bound IgG.
Endocytic inhibitor Cc-B (10 μg/mL) was used to inhibit endocytosis.
Cells incubated with Zt/c9 at 4 °C were used as the control. The RON
receptor remaining on the cell surface was detected by FITC-labeled
Zt/g4 as previously described.27 Data shown here are from one of two
experiments with similar results.

Figure 5. Zt/c9-mediated immunoliposome internalization by
CSCs+24/44/ESA and subsequent drug uptake. (A) Confocal analysis of
Zt/c9-induced RD-IL internalization: L3.6pl cells or CSCs+24/44/ESA

(1 × 104 cells/slide) were treated with Zt/c9-RD-IL (equivalent to
1 μM PPL) at 37 °C for 60 min. Free Zt/c9 (2 μg per sample, a 30-
fold increase compared to the amount of the inserted Zt/c9 in RD-IL)
was used for competitive inhibition. Cells treated with NIg-RD-IL
served as the control. RD was used as the fluorescence indicator. After
treatment, cells were washed and fixed with 4% formaldehyde solution.
The cell morphology was observed and photographed under bright
field. Intracellular fluorescence was determined using the Olympus
DSU confocal microscope. (B) Time-dependent internalization of Zt/
c9-RD-IL by CSCs+24/44/ESA: L3.6pl cells or CSCs+24/44/ESA (2 × 105

cells/sample) were incubated with Zt/c9-RD-IL (equivalent to 1.0,
15.0, and 30.0 μM PPL) at 37 °C for 1 or 3 h followed by the
measurement of fluorescence intensities using flow cytometry analysis.
Cells treated with NIg-RD-IL served as the control. The amount of
RD fluorescence was converted to PPL as previously described.33 (C)
Cells were treated with Zt/c9-Dox-IL (equivalent to 2.0 μM PPL) as
described in B. Dox uptake was measured as described in the Materials
and Methods section. Data shown here are from one of three
experiments with similar results.
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conditions, IC50 values were higher than those from cells
treated for 72 h (Tables 1 and 2).
The requirement of RON expression for drug-reduced cell

viability was first examined (Figure 6 and Table 2). Panc-1 cells

lacking RON expression were used as the control. By
comparing with L3.6pl cells, Panc-1 cells showed similar
sensitivity toward free Dox with IC50 at 11.0 μM. However, the
amount of Zt/c9-Dox-IL required to achieve IC50 values
differed from Panc-1 to L3.6pl cells (149.2 μM vs 15.0 μM,
respectively). These data suggest that RON expression is
required for the observed cell viability reduction. Results from
L3.6pl cells treated with Zt/c9-Dox-IL (IC50: 15.0 μM) also
revealed that Zt/c9-Dox-IL was effective in reducing L3.6pl cell
viability in comparison with the IC50 value from cells treated
with free Dox (IC50: 8.0 μM; noting the dramatic IC50 increase
compared to those in Table 1). In contrast, a dramatic increase
in IC50 values for both PLD (103 μM) and NIg-Dox-IL (99.0
μM) was required for the reduction of L3.6pl cell viability.
We should point out that Zt/c9-Dox-IL was not superior to
free Dox and that free Dox was more effective in reducing cell
viability. Nevertheless, these results suggest that, by binding to
RON, Zt/c9 efficiently delivers Dox-IL, causing cell viability
reduction after a short treatment of 60 min. The effect of
Zt/c9-Dox-IL on the viability of CSCs+24/44/ESA was interesting.
Under similar conditions, the IC50 value for Zt/c9-Dox-IL was
reached at 95.0 μM. This value was relatively comparable to the
IC50 value of 62.0 μM derived from free Dox treated
CSCs+24/44/ESA. In contrast, the IC50 values from PLD and

NIg-Dox-IL treated CSCs+24/44/ESA were not reached even
when Dox loaded in NIg-IL was used up to 300 μM (Table 2).
Again, we emphasize that, although IC50 values increased under
such a short period of treatment, the ratios between the IC50
from free Dox treated L3.6pl to CSCs+24/44/ESA (ratio: 1.87) and
Zt/c9-Dox-IL-treated L3.6pl to CSCs+24/44/ESA (ratio: 1.53)
were comparable at a similar range (Table 2). Considering the
experimental conditions which yield relatively high IC50 values
from different groups, the data from cells treated with Zt/c9-
Dox-IL suggest that Zt/c9-Dox-IL is effective in reducing the
viability of CSCs+24/44/ESA.
Zt/c9-Dox-IL in Combination with Small Molecule

Inhibitors Displays Increased Therapeutic Activities in
CSCs+24/44/ESA. Drug-sensitive profiles of CSCs+24/44/ESA from
individual chemoagents and SMIs as shown in Tables 1 and 2
and Figure 6 prompted us to determine if Zt/c9-Dox-IL in
combination with different SMIs can achieve a maximal effect
on the viability of CSCs+24/44/ESA. To this end, cells were treated
with Zt/c9-Dox-IL, individual SMIs, or their different
combinations for 60 min followed by 72 h incubation. As
shown in Figure 7, lapatinib and dasatinib at their IC50 doses,

respectively, caused a 50% growth inhibition on CSCs+24/44/ESA.
Zt/c9-Dox-IL at the IC50 dose reduced cell viability by about
50%. The effect was further increased in CSCs+24/44/ESA treated
with different drug combinations. The percentages of cell
number reduction were at 65.8% for Zt/c9-Dox-IL + dasatinib,
66.7% for Zt/c9-Dox-IL + lapatinib, and 70.4% for Zt/c9-Dox-
IL + dasatinib + lapatinib. These results suggest that the

Table 2. Therapeutic Effect of Zt/c9-Dox-IL in Vitro on the Viability of CSCs+CD24/44/ESA a

effect of Dox-containing drugs (IC50, μM) on cell viability IC50 ratio

cell line tested RON Exp by RT-PCR/WBb free Dox PLD NIg-Dox-IL Zt/c9-Dox-IL Zt/c9-Dox-IL/free Dox

Panc-1 −/− 11.0 ± 4.0 161.0 ± 23.0 143.0 ± 19.0 149.2 ± 5.9 13.56
L3.6pl +++/+++ 8.0 ± 0.3 103 ± 3.0 99.0 ± 6.0 15.0 ± 3.7 1.88
CSCS+24/44/ESA ++/++ 62.0 ± 3.1 >300 >300 95.0 ± 6.1 1.53

aPanc-1, L3.6pl, and CSCs+24/44/ESA (1 × 104 cells per well) were seeded in a 96-well tissue culture plate in triplicate in DMEM + 10% FBS, MEM +
10% FBS, and serum-free stem cell culture media, respectively, and then treated at 37 °C with different amounts of individual drugs for 60 min
followed by washing twice with culture medium. Cells were incubated for additional 72 h followed by the MTS assay to determine cell viability. The
IC50 values from individual groups were calculated as previously described.33 Data shown here are from one of two experiments with similar results.
bRON expression was determined by RT-PCR and Western blot analyses using RON cDNA and cDNA-transfected cells as the control. The levels of
mRNA expression and protein expression was determined as −: negative; ++: moderate positive; and +++: strong positive.

Figure 6. Increased therapeutic effect of Zt/c9-Dox-IL on
CSCs+24/44/ESA. Cells (1 × 104 cells/well in triplicate in a 96-well
plate) were treated for 60 min with various amounts of Zt/c9-Dox-IL.
Dox, PLD, and NIg-Dox-IL were used as the controls. To determine if
RON is required for Zt/c9-Dox-IL-mediated effect, Panc-1 cells
lacking RON expression were used as the control. L3.6pl cells were
also used to compare the effectiveness of Zt/c9-Dox-IL in reducing
CSCs+24/44/ESA viability. After washing and medium changing, cells
were cultured for an additional 72 h, and cell survival was determined
by the MTS assay. Data shown here are from one of three experiments
with similar results.

Figure 7. Effect of Zt/c9-Dox-IL in combination with SMIs on
reduction of CSCs+24/44/ESA viability. Cells (1 × 104 cells/well in
triplicate in a 96-well plate) were treated for 60 min with individual
drugs or their different combinations. Untreated cells were used as the
control. After washing and medium changing, cells were cultured for
additional 72 h followed by the MTS assay. Cell numbers were
determined as previously described.31 Data shown here are from one
of three experiments with similar results.
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presence of SMIs further increased the effect of Zt/c9-Dox-IL
on CSCs+24/44/ESA viability.

■ DISCUSSION
The findings in this study demonstrate that antibody-directed
RON targeting is an effective approach for delivery of
chemotherapeutics such as Dox to produce a therapeutic effect
on pancreatic CSCs. Using CSCs+24/44/ESA derived from L3.6pl
cells as the model, we demonstrated that RTKs are differentially
expressed by CSCs+24/44/ESA with variable levels. Among several
RTKs analyzed, the RON receptor is highly expressed and
sustained by CSCs+24/44/ESA. This indicates that RON gene
transcription is active in pancreatic CSCs. By binding to an
epitope in the RON extracellular domain, Zt/c9 effectively
induces RON internalization, which provides a molecular basis
for the uptake of ILs loaded with chemoagent. Through such an
approach, the increased amounts of Dox uptake by
CSCs+24/44/ESA were achieved. We showed that Zt/c9-Dox-IL
is effective in reducing viability of L3.6pl cells and
CSCs+24/44/ESA. The resulting IC50 values were reduced
compared to those from the control PLD and NIg-Dox-IL.
We should point out that Zt/c9-Dox-IL is not superior to free
Dox in the in vitro cell viability assay. Moreover, we
demonstrated that Zt/c9-Dox-IL in combination with SMIs
specific to EGFR or other tyrosine kinases increases therapeutic
effect on CSCs+24/44/ESA. These findings provide an important
proof-of-principle for a CSC-targeted, RTK-mediated drug
delivery strategy. Thus, Zt/c9-directed delivery of chemo-
therapeutics may have the potential to be developed into a
novel therapeutic with implications for targeting pancreatic
CSCs.
Cell surface markers that precisely define pancreatic CSCs

are still controversial and are under intensive investigation.1−3,8

Currently, two sets of accepted cell surface CSC markers,
CD24+CD44+ESA+ and CD133+CXCR4+, are established and
used to isolate pancreatic CSCs.9,10 Although showing certain
differences in CSC properties, both CSCs+24/44/ESA and
CSCs+CD133/CXCR4 display very similar functional profiles with
various stem cell characteristics, including a tumor-initiating
capability, self-renewal activity, ability to produce differentiated
progeny, and expression of developmental signaling mole-
cules.9,10 We believe that different cell surface markers may
reflect the distinct population of existing pancreatic CSCs.
Using L3.6pl cells as the model followed by two-step (spheroid
formation and magnetic sorting) isolation strategy, we isolated
CSCs+24/44/ESA for drug delivery analysis. Significantly, CD133+

expression by L3.6pl cells is at very low levels (<1% according
to flow cytometry analysis). During the process of spheroid
formation, levels of CD133+ spheroid cells remain low (<2%,
our unpublished data). An analysis of an isolated CSCs+24/44/ESA

population also failed to show an increase in the level of
CD133+ cells. These observations indicate that the methods we
used seem to not favor the generation of CD133+ CSCs,
although some reports have used sorting methods successfully
to isolate CD133+ CSCs from L3.6pl cells.10 Regardless of the
methods used to isolate CSCs, results in Figures 1 and 2
confirmed that CSCs+24/44/ESA are capable of forming spheroids
when cultured in ultralow adhesion plates in the CSC media
and can redifferentiate into epithelial phenotype when
recultured in serum-containing media. Intracellular markers,
including the transcription factor Bmi-1 and the metabolic
enzyme ALDH-1α were highly expressed by CSCs+CD24/44/ESA.
Moreover, CSCs+24/44/ESA display an EMT-like phenotype with

diminished E-cadherin expression and enhanced vimentin
expression. The EMT phenotype is known to constitute
malignant behavior of CSCs.36,37 CSCs+24/44/ESA also showed
reduced sensitivity in response to cytotoxic and cytostatic
activities of chemoagents and SMIs, respectively. Finally, we
demonstrated that CSCs+24/44/ESA possess tumor-initiating
capability in athymic nude mice. An amount as low as 500
CSCs+24/44/ESA per injection in mouse model is sufficient to
cause tumor formation. Thus, CSCs+24/44/ESA belong to a
distinct population of pancreatic CSCs.
To validate RTKs as suitable targeting moieties for drug

delivery in pancreatic CSCs, we first analyzed several RTK
expressions in L3.6pl cells and CSCs+24/44/ESA. As shown in
Figure 3A, levels of RTKs such as RON, MET, EGFR, and
VEGFR varied, indicating that RTKs are differentially expressed
in CSCs+24/44/ESA. Clearly, it will be important to determine
RTK expression patterns in CSCs because the differences
among RTK expression could dramatically affect the drug
efficacy where specific SMIs or therapeutic targeting antibodies
are used. By searching the published literature, we noted that
RTK expression profiles of various CSCs were limited. The
interesting finding in this study is the high level and sustained
expression of RON by CSCs+24/44/ESA. This observation is
confirmed by cell surface fluorescence analysis and by Western
blot analysis. At present, the effect of RON expression on
pathogenesis of CSCs+22/44/ESA is still largely unknown.
However, our limited studies as shown in Figures 4C and D
indicate that MSP does not induce proliferation and change
the drug sensitivity in CSCs+24/44/ESA, although ligand-induced
phosphorylation and activation of RON and downstream
signaling molecules such as Erk1/2 and AKT were documented.
Treatment of CSCs+24/44/ESA with PHA665752,38 a MET/RON
dual SMI, also failed to inhibit cell growth or cause cell death
(our unpublished results), suggesting that RON expression and
activation are not sufficient to modulate the CSC phenotype and
function. Nevertheless, RON is suitable as a drug delivery carrier
moiety due to its efficiency in antibody-induced receptor
internalization. With evidence of diminished RON levels on the
cell surface followed by Dox uptake (Figures 4 and 5), we
demonstrate that the RON receptor is engaged in an active
internalization process upon Zt/c9 binding, which ultimately
leads to increased uptake of Dox by CSCs+24/44/ESA. Inhibition
of cellular endocytosis by Cc -B completely blocked Zt/c9-
induced RON internalization. Furthermore, we demonstrate
that the amount of available Dox via antibody-directed uptake is
sufficient to reduce the viability of CSCs+24/44/ESA as compared
to nonspecific liposomal Dox-delivery. Taken together, results
from these studies demonstrate that the sustained RON
expression by CSCs+24/44/ESA is a suitable target for antibody-
directed Dox-IL delivery for therapeutic purposes.
Elimination of CSCs through pharmaceutical means is

currently under intensive investigation.39 Pancreatic CSCs are
highly resistant to conventional chemoagents and often are
difficult to destroy.2,3 Consistent with these observations, we
showed that CSCs+24/44/ESA are less sensitive to therapeutic
activities mediated by gemcitabine, methotrexate, and Dox. Such
a profile indicates that CSCs+24/44/ESA are naturally resistant to
chemotherapy. CSCs utilize different mechanisms against the
chemo-cytotoxic effect. Recent evidence has shown that certain
ATP-binding cassette (ABC) transporters, such as ABCB1
(MDR1), are highly augmented in pancreatic CSCs.40,41 Inhibition
of ABCB1 with the specific blocker verapamil resensitizes the
resistant CSCs to gemcitabine,41 suggesting that blocking or

Molecular Pharmaceutics Article

dx.doi.org/10.1021/mp200193u |Mol. Pharmaceutics 2011, 8, 2310−23192317



bypassing ATP-binding transporters could result in increased
sensitivity of CSCs toward chemoagents. The advantage of the
targeted IL delivery is known to bypass ABC transporters,
leading to increased cytotoxic activity.42 Previous studies have
demonstrated that antibody-directed IL is highly effective in the
induction of Dox uptake through RON internalization in colon
and breast cancer cells.33 This study provides evidence showing
that such an approach is also effective for chemoagent delivery
to pancreatic CSCs. As shown in Figure 5, Zt/c9-directed uptake
of ILs by CSCs+24/44/ESA was readily detected by confocal
observation. The quantitation of cell-associated PPL also
indicates the specific uptake of Zt/c9-IL. Measurement of the
increased amounts of Dox associated with CSCs+24/44/ESA also
has provided indirect evidence of Zt/c9-IL uptake. An analysis of
cell viability further demonstrated that Dox uptake is effective in
reducing CSC+24/44/ESA viability. As shown in Table 2, the IC50
values from Zt/c9-Dox-IL and free-Dox treated CSCs+24/44/ESA

are at relatively comparable levels. Specifically, the IC50 value
from Zt/c9-Dox-IL treated CSCs+24/44/ESA was lower than those
from PLD and NIg-Dox-IL treated CSCs+24/44/ESA. Clearly,
specificity of Zt/c9 to RON provides a platform that promotes
the direct interaction of ILs with CSC+24/44/ESA, which leads to
intracellular Dox uptake and subsequent therapeutic effects.
Molecular-targeted approaches using therapeutic antibodies

or SMIs specific to cell surface receptors and intracellular signaling
molecules have advanced to various preclinical and clinical stages
due to their specificity and effectiveness. Moreover, chemoagents
in combination with targeted SMIs also have emerged as a
favorable choice for treatment of malignant cancers including
PDAC. The rationale for such practices is based mainly on
discoveries that various signaling pathways are altered in
pancreatic CSCs. To eliminate pancreatic CSCs, various
signaling molecules and pathways have been targeted. These
include the inhibition of NF-κB pathway by chemopreventive
agent sulforaphane,43 suppression of telomerase activity by
imetelstat,44 inhibition of sonic hedgehog by cyclopamine/
CUR199691,35 blockage of mTOR activity by rapamycin,35 and
activation of cell membrane associated death receptor by a
specific antibody.11 By determining IC50 values of L3.6pl cells
and CSCs+24/44/ESA in response to lapatinib- and dasatinib-
induced growth inhibition, we observed that CSCs+24/44/ESA

display variable levels of insensitivity toward these three SMIs.
Nevertheless, growth inhibition was still achieved when individual
SMIs were used at therapeutic concentrations (Table 1). These
results suggest that aberrant expression and activation of signaling
molecules such as EGFR and other tyrosine kinases play an
important role in regulating tumorigenic phenotypes of
CSCs+24/44/ESA. Considering these facts, it is conceivable that
chemoagents in combination with SMIs could achieve further
therapeutic efficacy in reducing the viability of CSCs+24/44/ESA. As
shown in Figure 7, the reduction in cell numbers mediated by
Zt-/c9-Dox-IL was greatly increased by combined treatment with
individual SMIs at IC50 doses. These results demonstrate that a
cooperative effect exists between SMIs and Zt/c9-Dox-IL, which
shows increased therapeutic activities against CSCs+24/44/ESA.
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