e
RESEARCH PAPER oremoniene

Zebo Huang and Shibin Ali,
School of Pharmaceutical

. . . .
Targeted delivery of seences, Wuban University
zbhuang@whu.edu.cn;

d OXO ru biCi n th ro u g h aishibin@tom.com

Keywords

conjugation with EGF

doxorubicin-peptide conjugate;

drug delivery; drug resistance;

receptor-binding peptide
overcomes drug resistance 50 varch 2012

Revised

in human colon cancer cells b 2012

1 November 2012

Shibin Ai', Tao Jia', Weilun Ai', Jianli Duan', Yongmei Liu’, Jing Chen’,
Xin Liu', Fan Yang? Yuan Tian® and Zebo Huang'?

1Key Laboratory of Combinatorial Biosynthesis and Drug Discovery, Ministry of Education, and
School of Pharmaceutical Sciences, Wuhan University, Wuhan, China, *Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology, Wuhan, China, and *Research
Center of Food and Drug Evaluation, Wuhan University, Wuhan, China

BACKGROUND AND PURPOSE

Induction of multidrug resistance by doxorubicin (DOX), together with non-specific toxicities, has restricted DOX-based
chemotherapy. Recently, we demonstrated that DOX conjugated with an EGF receptor-binding peptide (DOX-EBP) had
enhanced anticancer efficacy and reduced systemic toxicity when targeting EGF receptor-overexpressing tumours. Here we
investigated whether DOX-EBP is able to overcome drug resistance and the underlying molecular mechanisms.

EXPERIMENTAL APPROACH

DOX-resistant SW480/DOX cells were derived from non-resistant SW480 cells by stepwise exposure to increasing
concentrations of DOX, and P-glycoprotein overexpression induced by DOX was confirmed by Western blotting. Cytotoxicity
and intracellular distribution of drugs were evaluated by MTT assay and fluorescence microscopy respectively. EGF
receptor-mediated endocytosis was determined in EGF receptor and endocytosis inhibition assays. Drug accumulation in
tumour cells and murine xenografts was determined by HPLC.

KEY RESULTS

The cytotoxicity and accumulation of DOX-EBP in SW480/DOX cells were almost the same as in SW480 cells, but those of free
DOX were reduced. DOX-EBP accumulation was prevented by inhibitors of both EGF receptors and endocytosis, suggesting EGF
receptors mediate endocytotic uptake. Tumour accumulation of DOX-EBP was significantly higher than free DOX in mice, and
the levels of DOX-EBP were similar in DOX-resistant and non-resistant tumour tissues. Importantly, DOX-EBP, but not free DOX,
was effective at inhibiting solid tumour growth and increased survival rate in both sensitive and resistant models.

CONCLUSION AND IMPLICATIONS
DOX-EBP can overcome DOX resistance of tumour cells and increase in vivo antitumour efficacy. Therefore, it has the potential
to be a potent therapeutic agent for treating drug-resistant cancers.

Abbreviations
ABC, ATP-binding cassette; DOX, doxorubicin; EBP, EGF receptor-binding peptide; MDR, multidrug resistance; NBD,
nucleotide-binding domains; P-gp, P-glycoprotein; PAO, phenylarsine oxide; TMD, transmembrane domains
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Introduction

One of the major causes leading to chemotherapeutic failure
in cancer treatment is multidrug resistance (MDR), which
involves increased efflux, decreased uptake and enzymatic
deactivation of chemotherapeutic drugs. There is increasing
evidence that an elevated expression of active drug transport-
ers in the plasma membranes of cancer cells is a major resist-
ance mechanism (Eckford and Sharom, 2009). These
transporters belong to the ubiquitous superfamily of ATP-
binding cassette (ABC) proteins, which are able to transport
anticancer drugs across cell membranes using the energy of
ATP binding and hydrolysis (Gottesman et al., 2002; Al-Shawi
et al., 2003). Approximately 50 ABC transporters have been
documented in humans, and about 15 such proteins have
been shown, in in vitro experiments, to export chemothera-
peutic drugs (Schinkel and Jonker, 2003). Among these trans-
porters, only three have so far been found to act as major
contributors to MDR in cancer: ABCB1 - P-glycoprotein (P-gp
or MDR1), the first ABC protein whose structural data were
obtained; ABCC1 — MDR-associated protein 1 (MRP1); and
ABCG2 - breast cancer resistance protein (BCRP), also known
as mitoxantrone resistance protein (MXR). These three pro-
teins have been shown to be overexpressed in MDR cell lines
in culture and have also been detected in MDR tumours in
patients and thus appear to function as clinically relevant
drug-efflux pumps (Eckford and Sharom, 2009). The efflux of
cancer chemotherapeutics by these ABC pumps results in
decreased intracellular drug concentration and, subsequently,
reduced cytotoxicity. Intriguingly, the expression of an ABC
transporter may be induced by a specific drug, but upon
expression, it may also actively transport other drugs out of
cells, leading to MDR (Rottenberg et al., 2007).

It is known that multidrug ABC transporters are able to
pump out a wide range of cytotoxic agents that share
common features such as planar, heterocyclic, lipophilic and
low molecular mass (Higgins, 2007). These cytotoxic drugs
can rapidly distribute to the outer and inner leaflets of the
plasma membrane, transport across the membranes by a flip-
flop mechanism and partition into the cytoplasm (Regev
et al., 2005). However, as substrates of multidrug ABC pro-
teins, these drugs can be pumped to the outer leaflet by the
ABC drug-efflux pumps directly from the inner leaflet of the
plasma membrane and then diffuse into the extracellular
medium (Gatlik-Landwojtowicz et al., 2006; Siarheyeva et al.,
2006; Aller etal., 2009). Based on these observations, a
number of studies have conjugated low molecular mass drugs
to macromolecular carriers to overcome ABC-transporter-
associated MDR of tumour cells (Meyer-Losic et al., 2006; Wu
et al., 2006). In particular, drugs conjugated to peptides have
been shown to alter the cellular uptake pathway and circum-
vent ABC-transporter-mediated drug efflux and thus are able
to accumulate at high concentrations in drug-resistant cells,
leading to improved therapeutic index and fewer adverse
effects (Bajo et al., 2003; Aroui etal.,, 2010). For example,
doxorubicin (DOX) conjugated with elastin-like polypeptide
(ELP), a thermally responsive carrier, is shown to thermally
target solid tumours and overcome drug resistance in
cancer cells (Bidwell et al., 2007). Cytoplasmic delivery of
DOX by conjugation with cell-penetrating peptides TAT
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(CGGGYGRKKRRQRRR) and penetratin (CRQIKIWFQNRRM
KWKK) can bypass the P-gp efflux pump and has significantly
superior efficacy against drug-resistant tumour cells (Liang
and Yang, 2005; Aroui et al., 2010). An approach of particular
interest to circumvent MDR is the targeting of cellular recep-
tors by peptide-conjugated chemotherapeutic agents. Due to
the aberrant overexpression of some receptors on the surface
of malignant cells, high-affinity receptor-binding peptides
targeting specific receptors can be used to deliver chemo-
therapeutic compounds directly to neoplastic cells, allowing
the drug-peptide conjugates to be actively taken up by
receptor-mediated endocytotic pathways and bypass ABC-
transporter-mediated MDR. For example, the transferrin
receptors are overexpressed in a variety of malignant cells,
and the conjugation of DOX with transferrin can signifi-
cantly increase the cytotoxic effect of DOX against tumour
cells and overcome MDR in leukaemia cell lines (Lubgan
et al., 2009).

EGF receptors are overexpressed in a number of malignan-
cies and thus provide a basis for selective ligand-based target-
ing of tumour cells. Since EGF is an important EGF receptor
ligand with high binding affinity and selectivity for the EGF
receptor, we have recently synthesized a DOX—peptide conju-
gate using the EGF receptor-binding region (CMYIEALDKYAC;
EBP) of EGE. DOX is covalently coupled to EBP via an ester
bond at position 14 of DOX through a glutarate spacer, and the
DOX-EBP conjugate is shown to target tumour cells that
overexpress EGF receptors, leading to enhanced anticancer
efficacy and reduced systemic toxicity (Ai et al., 2011). Because
the EGF receptor is able to enter cells through an endocytotic
process upon binding to a high-affinity ligand (Grandal
and Madshus, 2008), drug delivery into EGF receptor-
overexpressing cells via the EGF-EGF receptor complex may
help overcome efflux pump-related resistance. Therefore, we
investigated whether the DOX-EBP conjugate was able to
overcome DOX resistance through receptor-mediated endocy-
totic uptake. We found that DOX-EBP bypassed the ABC
drug-efflux pumps by altering the cellular uptake process and
showed increased antitumour activity in DOX-resistant as well
as non-resistant tumours.

Methods

Chemicals

Doxorubicin hydrochloride (DOX HCI) salt, daunorubicin
hydrochloride, glutaric anhydride and phenylarsine oxide
(PAO) were purchased from Sigma-Aldrich (St. Louis, MO).
The DOX-EBP conjugate was synthesized as previously
described (Ai et al., 2011).

Cell cultures and animals

The human colon cancer cell line SW480 was obtained from
the China Centre for Type Culture Collection (Wuhan,
China) and grown in RPMI 1640 medium (Gibco BRL, Grand
Island, NY), containing 10% FBS (Hyclone, Logan, UT),
10° U-L! penicillin and 100 mg-L™! streptomycin at 37°C in a
humidified atmosphere of 5% CO, and 95% air. The DOX-
resistant cells were derived from non-resistant SW480 cells by
stepwise exposure to increased concentrations of DOX (0.01,
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0.02, 0.04, 0.08, 0.16, 0.32 and 0.50 ug-mL™"' in normal
medium) as described previously (Ogawara et al., 2009). After
repeated induction for 6 months, the cells with resistance to
DOX (i.e. SW480/DOX cells) were obtained and maintained
in the presence of 0.32 ug-mL™" DOX. Athymic male nude
mice (BALB/c-nu/nu; 5-6 weeks old, 18-20 g) were obtained
from the Experimental Animal Centre of Tongji Medical
College, Huazhong University of Science and Technology
(Wuhan, China) and maintained under pathogen-free condi-
tions with a 12 h light/12 h dark cycle. All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010).

MTT assay

To examine the levels of drug resistance, SW480 and SW480/
DOX cells were seeded in 96-well plates at a density of 5000
cells per well, and the cytotoxicity of free DOX and DOX-EBP
conjugate was evaluated using the MTT assay as described
previously (Lee et al., 2005). After treatment with different
concentrations of DOX or DOX-EBP at 37°C for 5 h and 48 h,
20 puL of MTT solution (5 mg-mL™") was added to each well and
further incubated for 4 h. The culture medium was then
removed, and 100 pL of DMSO was added to each well. After
20 min of incubation, the absorbance was measured using a
microplate reader (Bio-Rad Model 450, Hercules, CA) at
570 nm (test wavelength) and 630 nm (reference wavelength).

LDH release assay

DOX-induced cell death in SW480 and SW480/DOX cell cul-
tures was also assessed using an LDH assay, as described
previously (Riganti efal., 2005), which quantifies LDH
released from cells into culture medium. Briefly, the cells were
seeded in 24-well plates and grown until about 80% conflu-
ence. After the medium was removed, the cells were incu-
bated with increasing concentrations of DOX or DOX-EBP for
the times indicated. Cell-free supernatants from the cultures
were collected and transferred to 96-well plates for measure-
ment of LDH activity using an LDH cytotoxicity detection kit
(Roche Diagnostics GmbH, Mannheim, Germany) according
to the manufacturer’s instructions. Maximal LDH release was
obtained by treating control cells with 1% Triton X-100 for
10 min at room temperature and was used for calculating the
percentage of LDH release, i.e. activity of released LDH in a
treated sample over the activity of maximal LDH released in
the control.

Determination of DOX content

Intracellular accumulation of DOX and DOX-EBP in SW480
and SW480/DOX cells was analysed by HPLC using an ODS-
C18 analytical column (5 pm particle size, 250 x 4.6 mm,
Thermo Scientific, Waltham, MA, USA), and the cellular drug
content was shown as pg DOX per cell (Ai et al., 2011).

ATPase assay

ATPase activity of membrane vesicle suspensions from
SW480 and SW480/DOX cells was determined by measuring
the release of inorganic phosphate (Pi) from ATP as described
previously (Litman etal., 1997) with modifications, using
purified membrane vesicles from virus-infected Sf9 cells (BD

Biosciences, Bedford, MA) as a reference. Membrane vesicle
samples (20 ug protein per well) were incubated with 50 uL of
10 mM MgCl,, 40 mM 3-(N-morpholino) propane sulfonic
acid (MOPS)-Tris (pH 7.0), 50 mM KCl, 5 mM dithiothreitol,
0.1 mM EGTA, 4 mM sodium azide, 1 mM ouabain, 5 mM
ATP and increasing concentrations of DOX or DOX-EBP at
37°C for 40 min, with or without 0.5 mM vanadate, which
inhibited 100% of P-gp ATPase activity. The absorbance of
released Pi was read using a microplate reader (Bio-Rad
Model450). Results are expressed as vanadate-sensitive
ATPase activities of the membrane vesicles.

Western blot analysis

Western blotting was performed essentially as described pre-
viously (Wong et al., 2006). Briefly, SW480 and SW480/DOX
cells were grown to 80% confluence in 25 cm? culture flasks
(~1 x 107 cells per flask), washed and centrifuged. The pellet
was dispersed in a lysis buffer containing 50 mM Tris-HCl
(pH 7.4), 120 mM NaCl, 1 mM EDTA, 1% TritonX-100 and
1% (v/v) protease inhibitor cocktail (Sigma-Aldrich). The cell
lysate was collected after centrifugation, and the protein con-
centration was determined using the Bio-Rad Detergent Com-
patible Protein Assay kit (Bio-Rad). Equal amount of proteins
(20 g per lane) from each sample was used for SDS-PAGE and
transferred to PVDF membranes (Millipore, Bedford, MA).
The membranes were blocked overnight at 4°C with Tris-
buffered saline containing 0.05% (v/v) Tween-20 (TBS-T) and
5% (m/v) nonfat dried milk, and incubated for 1 h at room
temperature with primary antibodies specific for P-gp (C219
monoclonal antibody, Signet Laboratories, Dedham, MA),
MRP1 (MRPm6 monoclonal antibody, Kamiya Biomedical
Corp., Seattle, WA), MRP2 (M,III-6 monoclonal antibody,
Alexis Corp., San Diego, CA) and BCRP (BXP-21 monoclonal
antibody, Alexis Corp.). The membranes were washed with
TBS-T and incubated for 1 h at room temperature with HRP-
conjugated secondary antibody (Amersham Life Sciences,
Cleveland, OH). Protein bands were visualized using an
enhanced chemoluminescence kit (Amersham Biosciences,
Piscataway, NJ). Monoclonal antibody B-actin AC-40 (Sigma-
Aldrich) was used as a reference.

Annexin V/PI assay

Apoptosis was analysed in SW480 and SW480/DOX cells
treated with DOX or DOX-EBP by flow cytometry using
Annexin V-fluoresce in isothiocynate (Annexin V-FITC) and
propidium iodide (PI) double staining method as described
previously (Yamochi et al., 2005). The cells were grown in
25 cm? culture flasks with normal medium to ~80% conflu-
ence (1 x 107 cells per flask) and then incubated with 5 mL of
serum-free medium containing 1 uM of DOX or DOX-EBP
conjugate at 37°C for indicated times. After being stained
with Annexin V-FITC and PI, the cells were analysed with a
flow cytometer (FACS Calibur; Becton-Dickinson, Rutherford,
NJ, USA).

TUNEL assay

Apoptotic nuclei were detected by TUNEL method, which
examines DNA strand breaks during apoptosis, using an
in situ cell death detection kit (Roche Diagnostics GmbH) as
described previously (Zhang et al., 2011). After 24 h of incu-
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bation with 1 uM of DOX or DOX-EBP conjugate, SW480 or
SW480/DOX cells were washed with PBS. Cells on slides were
fixed with 4% paraformaldehyde in PBS for 1 h at room
temperature, permeabilized with 0.1% Triton X-100 in 0.1%
sodium citrate for 2 min on ice and then labelled by TUNEL
reaction according to the manufacturer’s instructions. Cell
nuclei were identified by DAPI (Sigma-Aldrich) staining. The
slides were examined under fluorescence microscopy
(Fluoview FV300, Olympus, Japan).

EGF receptor inhibition assay

SW480 and SW480/DOX cells were grown in 25 cm? culture
flasks with normal medium to ~80% confluence (1 x 107 cells
per flask), and an EGF receptor inhibition assay was per-
formed as described previously (Ai et al., 2011). Briefly, after
pretreatment with 5 pg-mL™ of anti-EGF receptor mono-
clonal antibody C225 (ImClone Systems, Inc., New York, NY)
for 12 h and removal of the pretreatment solution, the cells
were incubated with 0.5 uM of free DOX or DOX-EBP for the
times indicated and then the cellular DOX content was deter-
mined by HPLC. The reduced cellular accumulation induced
by C225 was used as an inhibition index of cellular DOX
uptake.

Endocytosis inhibition assay

The effect of PAO, an inhibitor of receptor-mediated endocy-
tosis, on the cellular accumulation of DOX-EBP conjugate
was assessed essentially as described previously (Bild et al.,
2002). SW480 and SW480/DOX cells were grown in 25 cm?
culture flasks with normal medium to ~80% confluence (1 x
107 cells per flask) and then incubated with 5 mL of serum-
free medium containing 5 uM PAO and 0.5 uM free DOX or
DOX-EBP conjugate at 37°C for the times indicated. Cellular
DOX content was measured by HPLC, and the accumulation
of free DOX and DOX-EBP was compared in the presence and
absence of PAO.

Fluorescence microscopy

SW480 and SW480/DOX cells were grown on glass coverslips
in 24-well plates, treated with 0.5 uM free DOX or DOX-EBP
conjugate (prepared in serum-free RPMI-1640 medium before
use) at 37°C for the times indicated and examined under a
laser scanning confocal fluorescence microscope (Fluoview
FV300, Olympus) at A = 480 nm and Aen = 580 nm. Nuclei
were visualized at Aex = 350 nm and Aen = 460 nm after stain-
ing with 1 ug-mL™" of DAPI (Sigma-Aldrich) at room tempera-
ture for 10 min (Abbosh et al., 2006). To characterize the
cellular uptake of DOX-EBP conjugate mediated by the EGF
receptor pathway, the cells were pre-incubated with C225 for
12 h at 37°C. Following removal of pretreatment solution,
the cells were washed with serum-free medium, incubated
with free DOX or DOX-EBP at 37°C for the times indicated
and visualized using the confocal microscope.

Colocalization assays with

endocytotic markers

SW480 and SW480/DOX cells were grown on glass coverslips
in 24-well plates for 24 h. After incubation with DOX-EBP
conjugate for the times indicated, the cells were washed with
PBS, fixed with 4% paraformaldehyde in PBS (pH 7.4) for
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20 min and then permeabilized with 0.1% Triton X-100 in
PBS for 30 min at room temperature. After being blocked
with 5% BSA for 30 min, the samples were incubated
with antibodies against early endosomal antigen (EEA)-1 (BD
Biosciences) and lysosomal-associated membrane protein
(LAMP)-1 (BD Biosciences) according to the manufacturer’s
specifications. Aminomethylcoumarin (AMCA)- and FITC-
labelled conjugated secondary antibodies were used for visu-
alization by confocal microscopy.

Determination of maximum tolerated dose
(MTD) in health mice

To define the appropriate doses of free DOX and DOX-EBP
conjugate, tumour-free male mice (4 per group) were used to
determine the MTD in three cycles of single administration
by i.v. injection at 7 day intervals. Each mouse was weighed
and the average weight of a group was used to calculate the
dose. MTD was defined as the dose leading to a reversible
loss of 10% initial weight within 35 days after the first i.v.
injection.

Tumour xenograft in mice

In order to perform drug accumulation and antitumour
assays in vivo, SW480/DOX cells growing exponentially were
used to generate DOX-resistant tumour xenograft. Mice were
inoculated s.c. with 1 x 107 cells in both flanks, and the size
of the tumour was measured twice weekly using calipers. As a
control, the xenograft of a non-resistant tumour was also
established by injecting SW480 with 1 x 107 cells into flanks
of mice. Four weeks after tumour inoculation, the mice with
size-matched tumours were aseptically dissected. The result-
ant tumours were excised, minced mechanically to 3 mm?
pieces and transplanted s.c. into experimental animals by a
trocar needle. The animals were randomized to treatment
groups when tumours reached an appropriate size.

In vivo evaluation of drug accumulation

in tumour

The in vivo accumulation of DOX-EBP in DOX-resistant and
non-resistant tumour xenografts in athymic nude mice was
assessed and compared with that of free DOX. When tumours
reached a mean volume of ~550 mm?, the mice were ran-
domly divided into groups, each contained 48 animals. Free
DOX or DOX-EBP conjugate (5 mg-kg' DOX or equivalent)
was injected i.v. at a single drug dose. At selected time points
(0.5, 1, 2,4, 8,12, 24 and 48 h) after the injection, the mice
were killed by cervical dislocation, and tumour masses were
removed, weighed and washed with cold PBS. The tumour
samples were homogenized in an Ultra-Turrax T18 Homog-
enizer (IKA, Staufen, Germany). The concentration of DOX or
DOX-EBP was determined by HPLC and quantified by com-
parison with a standard DOX curve. Tumour tissues from
saline-injected mice were used as controls.

Antitumour activity assay in vivo

Nude mice bearing SW480 and SW480/DOX xenografts (six
per group) were injected once with free DOX (2 mg-kg™!; MTD
of 80%), DOX-EBP conjugate (15 mg-kg™” DOX equivalent) or
saline into the tail vein at days 7, 14 and 21 after transplan-
tation of tumours. Animal survival was monitored daily, and



DOX-EBP overcomes drug resistance in cancer cells

tumour size was measured twice weekly by using a caliper to however, if any of the surviving mice had palpable tumours
measure length (a) and width (b). Inhibitory effects/activity on day 60, they were monitored until day 90 and then Kkilled.
on the tumour were assessed by measuring tumour size, Survival data are presented in a Kaplan-Meier plot.

which was calculated as volume (mm?®) = (a x b%/2. The mice

were monitored for up to 60 days after transplantation of Statistical analysis

tumours or killed earlier if (1) the mouse was lethargic or sick Data are presented as mean * SD and evaluated by
and unable to feed, (2) the tumour was >2.0 cm in any Student’s f-test using SPSS 13.0 for Windows (SPSS Inc.,
dimension, (3) the body weight decreased below 15% of Chicago, IL, USA). Probability values of P < 0.05 were con-
initial weight. On day 60, most surviving mice were Kkilled; sidered to be significant.
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Figure 1

Cytotoxic effects and accumulation levels of free DOX in SW480 and SW480/DOX cells. (A) Cytotoxicity of free DOX on SW480 and SW480/DOX
cells. The cells in 96-well plates were treated with a series of concentrations of free DOX at 37°C for 48 h, and cell viability was assessed by MTT
method. Data are representative of three independent experiments and shown as mean * SD (n = 12). (B) Effect of free DOX on the release of
LDH from SW480 and SW480/DOX cells. Cells were incubated in 24-well plates with a series of concentrations of free DOX at 37°C for 48 h before
determination of LDH release. Measurements were done in duplicate, and data are presented as mean = SD (n = 4). *P < 0.05, **P < 0.01 and
***P < 0,001 (SW480/DOX vs. SW480 cells). (C) Cellular levels of free DOX accumulated in SW480 and SW480/DOX cells. The cells in 25 cm?
culture flasks (~80% confluence) were treated with 0.5 uM free DOX in fresh serum-free medium at 37°C for 12 h, washed with ice-cold PBS three
times and counted using a Coulter counter. After addition of daunorubicin as an internal standard, the cell pellet was extracted with an equal
volume of chloroform and isopropanol mixture (3:1, v/v). DOX content was quantified by HPLC and expressed as pg per cell. **P < 0.01 (SW480
vs. SW480/DOX cells). (D) Effect of free DOX on the vanadate-sensitive ATPase activity in SW480 and SW480/DOX cells. Membrane preparations
containing 20 pg of total proteins were incubated at 37°C for 40 min in the presence of free DOX at the indicated concentrations, and the release
of inorganic phosphate (Pi) from ATP was measured. Purified membrane vesicles from virus-infected Sf9 cells were used as a reference.
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Results

Resistance of SW480/DOX cells to free DOX

To address the problem of drug resistance in cancer chemo-
therapy, it is essential to compare the effects of a drug on both
resistant and non-resistant cells. Therefore, we derived DOX-
resistant SW480/DOX cells from its non-resistant parental
SW480 cells by stepwise exposure to increased concentrations
of DOX. To compare their sensitivity to DOX, both types of
cells were exposed to a series of concentrations of free DOX,
and cell viability was determined using the MTT method.
After incubation with free DOX for 48 h, 2.5 uM DOX was
very effective at inhibiting the proliferation of SW480 cells
(~80% inhibition), but the same concentration had almost no
cytotoxic effects on SW480/DOX cells (only ~7% inhibition)
(Figure 1A), indicating a strong resistance of SW480/DOX
cells to free DOX. To further confirm this resistance, we evalu-

SW480  SW480/DOX

MRP2

MRP1

BCRP

B-Actin WG -

Figure 2

Western blot analysis of ABC transporter proteins in SW480 and
SW480/DOX cells. Cell lysates were prepared from confluent cells
grown at 37°C in 25 cm? culture flasks (~1 x 107 cells per flask). Equal
amount of proteins (20 ug per lane) was separated by SDS-PAGE and
analysed by Western blotting using monoclonal antibody C219 for
P-gp, MRPmM6 for MRP1, M,llI-6 for MRP2, BXP-21 for BCRP and
AC-40 for B-actin.

Table 1

ated the cytocidal effect of free DOX on both SW480 and
SW480/DOX cells using the LDH release assay (monitoring
extracellular LDH activity), which is a sensitive indicator of
cell death and a widely used marker in cytotoxicity studies. As
shown in Figure 1B, free DOX was potent at killing SW480
cells but much less effective on SW480/DOX cells, causing
about 60 and 10% LDH release, respectively, after a 48 h
treatment with 0.5-2 uM DOX. This further demonstrates the
DOX resistance of SW480/DOX cells.

To examine the cause of the acquired resistance, both
SW480 and SW480/DOX cells were treated with 0.5 uM free
DOX, and the cellular accumulation of DOX was determined
by HPLC. As shown in Figure 1C, the DOX level in SW480/
DOX cells was >8 times lower than that in SW480 cells after
treatment with free DOX for 12 h, suggesting the DOX resist-
ance of SW480/DOX cells was related to the lowered intrac-
ellular accumulation of free DOX. Since one of the most
likely scenarios for intracellular DOX reduction in drug-
resistant cells is the overexpression of ABC transport proteins,
which can pump DOX out of the cells by use of the chemical
energy of ATP hydrolysis, we measured the amount of Pi
liberated from ATP, as the released Pi is directly proportional
to and can be used as an indicator of ATPase activity. As
shown in Figure 1D, DOX, a typical substrate of ABC trans-
porters, produced a concentration-dependent increase in
ATPase activity in membrane vesicles isolated from SW480/
DOX cells, and the concentration required for 50% stimula-
tion of ATPase activity was ~2.7 mM. Overall this was similar
to the mode of action of DOX in the purified membrane
vesicles from Sf9 insect cells, which are known to overexpress
ABC proteins and widely used to detect the interaction of
compounds with ABC transporters (Bakos et al., 2000). In
contrast, only a weak modulation of ATPase activity was
found in the isolated membrane vesicles form SW480 cells.
Together, these results strongly suggest that the lowered intra-
cellular accumulation of free DOX in SW480/DOX cells was
due to the overexpression of ABC transporter proteins.

Overexpression of P-gp in DOX-resistant
SW480/DOX cells

In order to identify the ABC transporters involved in the
resistance of SW480/DOX cells to free DOX, a number of ABC
proteins, including MRP1, MRP2, P-gp and BCRP, was ana-
lysed by Western blotting. As shown in Figure 2, an overex-
pression of P-gp, but not of the other proteins tested, was

ICso values of free DOX and the DOX-EBP conjugate in SW480 and SW480/DOX cells

1Cso of DOX equivalent (uM)

5h 48 h

Free DOX DOX-EBP Free DOX DOX-EBP
SW480 12.45 £ 1.62 64.37 = 2.68 0.56 £ 0.16 0.08 = 0.03
SW480/DOX 329.28 + 7.36 68.75 = 2.25 32.85 +1.62 0.10 = 0.06

Cells in 96-well plates (5 x 10° cells per well) were grown for 24 h and then incubated with increasing concentrations of free DOX or DOX-EBP
for the indicated times. Cell viability was assessed by the MTT assay, and ICs, values were obtained by sigmoidal curve fitting of the data.
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detected in the DOX-resistant SW480/DOX cells, while none and -resistant cells. The cells were treated with the conjugate
of the proteins analysed was detected in the non-resistant in a series of concentrations, and their cell viability was
SW480 cells, implying that P-gp contributes to the efflux of determined using the MTT assay. Although the cytotoxic
free DOX and thus to the DOX resistance of SW480/DOX effect of free DOX on the resistant SW480/DOX cells was very
cells. poor after a 48 h treatment (Figure 1A), the cytotoxicity of
. . DOX-EBP conjugate on the same cell line was significantly
Cytqczdal eﬂﬁCaC){ of DOX-EBP conjugate increased (Figure 3A). Also, there was no significant differ-
agains t DOX-resistant SW480/DOX cells ence in the inhibitory effects on cell proliferation induced by
Since both SW480 and SW480/DOX cells are capable of over- the conjugate between the resistant and non-resistant cell
expressing EGF receptors (data not shown), they were used to lines. To compare the results more directly, the ICs, values in
evaluate the cytocidal potency of DOX-EBP on DOX-sensitive both cell lines exposed to free DOX or DOX-EBP for 5 h and
A
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Figure 3

Cytocidal effects and accumulation levels of DOX-EBP conjugate in SW480 and SW480/DOX cells. (A) Cytotoxicity of DOX-EBP on SW480 and
SW480/DOX cells. The cells in 96-well plates were treated with a series of concentrations of DOX-EBP at 37°C for 48 h, and cell viability was
assessed by MTT method. Data are representative of three independent experiments and shown as mean * SD (n = 12). (B) Effect of DOX-EBP
on the release of LDH from SW480 and SW480/DOX cells. Cells were incubated in 24-well plates with a series of concentrations of DOX-EBP at
37°C for 48 h before determination of LDH release. Measurements were done in duplicate, and data are presented as mean = SD (n = 4).
(C) Cellular levels of DOX-EBP accumulated in SW480 and SW480/DOX cells. The cells in 25 cm? culture flasks (~80% confluence) were treated
with 0.5 uM DOX-EBP in fresh serum-free medium at 37°C for 12 h, washed with ice-cold PBS three times and counted using a Coulter counter.
After addition of daunorubicin as an internal standard, the cell pellet was extracted with an equal volume of chloroform and isopropanol mixture
(3:1, v/v). Drug content was quantified by HPLC and expressed as pg per cell. (D) Effect of DOX-EBP on the vanadate-sensitive ATPase activity
in SW480 and SW480/DOX cells. Membrane preparations containing 20 g of total proteins were incubated at 37°C for 40 min in the presence
of DOX-EBP at the indicated concentrations, and the release of inorganic phosphate (Pi) from ATP was measured. Purified membrane vesicles from
virus-infected Sf9 cells were used as a reference.
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48 h are summarized in Table 1, which shows that the ICs,
values of the conjugate were very close in both types of cell,
demonstrating a similar cytotoxic effect of DOX-EBP on both
DOX-resistant and non-resistant cells. Importantly, the ICs
values of DOX-EBP were significantly lower than that of free
DOX in the DOX-resistant SW480/DOX cells, at a compara-
ble scale with that of free DOX in non-resistant SW480 cells,
indicating the ability of DOX-EBP to counteract DOX resist-
ance. In addition, using the LDH release assay we also dem-
onstrated a significant increase in LDH release in SW480/
DOX cells when treated with DOX-EBP as compared with free
DOX (Figure 3B vs. Figure 1B) and confirmed that similar
levels of LDH were released by DOX-EBP in SW480/DOX and
SW480 cells (Figure 3B). This further supports the prevention
of DOX resistance by the conjugate.

To investigate the cytocidal action of the conjugate,
cellular DOX levels in SW480 and SW480/DOX cells were
determined by HPLC, and comparable DOX accumulation
levels were found in the two types of cells after treatment
with 0.5 uM DOX-EBP for 12 h (Figure 3C). These results
demonstrate that the DOX-EBP conjugate is capable of pre-
venting drug resistance of SW480/DOX cells by increasing its
accumulation level, as compared with that of free DOX
(Figure 1C). Since DOX is a typical substrate of ABC trans-
porter proteins, we tested whether the DOX-EBP conjugate is
also such a substrate by measuring the ATPase activities of the
isolated membrane vesicles from the SW480 and SW480/

DOX cells after DOX-EBP treatment. In contrast to the pat-
terns observed for free DOX (Figure 1D), no vanadate-
sensitive ATPase activity was detected in either the membrane
preparations of DOX-EBP-treated SW480 and SW480/DOX
cells or the control Sf9 membrane vesicles (Figure 3D), sug-
gesting that the conjugate does not have an significant inter-
action with ABC transporters.

It is known that apoptosis plays an important role in the
cytotoxicity of DOX; thus, we examined whether apoptotic
or necrotic cell death was induced by DOX-EBP. After 24 h of
treatment with 1 uM DOX-EBP, about 30-50% of SW480 and
SW480/DOX cells stained positive with Annexin V in FACS
studies (Figure 4A), suggesting the cells were sensitive to the
conjugate-mediated apoptosis. Further experiments with
TUNEL staining revealed much more green fluorescence in
SW480/DOX cells and also slightly more fluorescence in
SW480 cells treated with DOX-EBP, as compared with those
treated with free DOX (Figure 4B). These findings suggest that
the death of SW480 and SW480/DOX cells induced by DOX-
EBP at the concentrations tested (<5 uM) is attributable to
apoptotic, rather than necrotic, cell death.

Intracellular distribution of DOX-EBP
conjugate in DOX-resistant

SW480/DOX cells

To examine the intracellular distribution of the DOX-EBP
conjugate, both SW480 and SW480/DOX cells were incu-
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Figure 4

Effects of free DOX and DOX-EBP on apoptosis in SW480 and SW480/DOX cells. After incubation with 1 uM of free DOX and equivalent molar
concentrations of DOX-EBP for 24 h, the cells were stained with Annexin V-FITC and PI to access the apoptotic potential by flow cytometry (A)
and labelled with TUNEL/DAPI reaction to identify apoptotic cells under a confocal microscope (B).
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bated with free DOX or the conjugate and their distribution
evaluated by confocal fluorescence microscopy. The outlines
of nuclei were identified by DAPI staining while the distribu-
tion of DOX and DOX-EBP was shown by DOX autofluores-
cence (Figure 5). After incubation with free DOX at 37°C for
30 min, the DOX fluorescence was clearly detected in both
cytoplasm and nuclei of non-resistant SW480 cells, but only
a weak fluorescent signal was observed in DOX-resistant
SW480/DOX cells (Figure S5A). However, after incubation
with DOX-EBP conjugate for the same period, the DOX fluo-
rescence in cytoplasmic and perinuclear regions, although
not in the nuclei, was comparable in both SW480 and
SW480/DOX cells (Figure 5B).

After 24 h of incubation with free DOX, the intracellular
distribution of the DOX signal in SW480 cells was almost the
same as that after a 30 min incubation, and the fluorescent
signal was still weak, although slightly increased, in SW480/
DOX cells (Figure 5C). However, after the same period of
incubation with the DOX-EBP conjugate, a much stronger
DOX fluorescence in cytoplasm and nuclei was detected in
both SW480 and SW480/DOX cells (Figure 5D), as compared
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with that of the 30 min treatment (Figure 5B), suggesting the
DOX enters the nuclei after a prolonged incubation with the
conjugate.

Cellular accumulation of DOX-EBP conjugate
via EGF receptor-mediated endocytosis in
DOX-resistantSW480/DOX cells

Previous studies have demonstrated that free DOX can diffuse
easily across the cell membrane but may also be rapidly
pumped out from DOX-resistant cells, while the conjugation
of DOX to carrier molecules may circumvent this efflux effect
of resistant cells (Bidwell et al., 2007). Therefore, carrier-based
DOX delivery systems, which may enter cellular compart-
ments through receptor-mediated endocytosis, have been
regarded as a primary method to bypass the efflux action of
P-gp pumps (Kim et al., 2008; Lubgan et al., 2009). To test
whether the DOX-EBP conjugate was transported via EGF
receptor-mediated endocytosis, we performed assays in
SW480 and SW480/DOX cells in which both EGF receptors
and endocytosis were inhibited. The anti-EGF receptor mono-
clonal antibody C225 can competitively inhibit the binding

DOX-EBP

SW480/DOX
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Intracellular distribution of free DOX and DOX-EBP conjugate in SW480 and SW480/DOX cells. The cells were incubated with 0.5 uM of free DOX
or DOX-EBP in fresh serum-free medium at 37°C for 30 min (A and B) or 24 h (C and D) and visualized under a confocal fluorescence microscope.
Merged images display the overlay of blue DAPI staining of nuclei and red autofluorescence of DOX, where purple represents DOX in the nuclear
region. White solid arrow indicates cytoplasmic and nuclear fluorescence of drugs. Swallowtail arrow indicates cellular outline or indistinct
intracellular fluorescence. N = nucleus. Yellow solid arrow indicates strong intracellular fluorescence, including both cytoplasm and nucleus.
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of ligands to EGF receptors and block ligand-induced activa-
tion of the receptor (Lurje and Lenz, 2007) and thus was used
to evaluate whether the DOX-EBP conjugate was mediated by
EGF receptors. SW480 and SW480/DOX cells were pre-
incubated with C225 before treatment with DOX-EBP or free
DOX. As shown in Figure 6A, no significant difference in
cellular DOX levels was found after 1 h of free DOX treatment
with or without C225 pre-incubation in both SW480 and
SW480/DOX cells. However, when the cells were treated with
DOX-EBP conjugate for 1 h, the intracellular DOX accumu-
lation was significantly reduced in both types of cell
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pre-incubated with C225 as compared with corresponding
cells without C225 pre-incubation (Figure 6A). Similarly, after
12 h of treatment with free DOX or DOX-EBP, the cellular
accumulation of free DOX was not changed by C225 pre-
incubation, but that of DOX-EBP was significantly inhibited
(~50%) in both SW480 and SW480/DOX cells (Figure 6B).
These data suggest that the EGF receptor is involved in the
delivery of DOX-EBP conjugate into the tumour cells.

PAO is a pharmacological inhibitor of endocytosis (Bild
etal., 2002) and thus was used to investigate whether
the cellular entry of DOX-EBP conjugate was mediated by
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Figure 6

2h

Effects of anti-EGF receptor antibody and endocytosis inhibitor on the accumulation levels of free DOX and DOX-EBP conjugate in SW480 and
SW480/DOX cells. For EGF receptor inhibition assay, the cells in 25 cm? culture flasks (~80% confluence) were pretreated with 5 ug-mL™" of
anti-EGF receptor monoclonal antibody C225 in fresh serum-free medium at 37°C for 12 h and then incubated with 0.5 uM of free DOX or
DOX-EBP in fresh serum-free medium for 1 h (A) or 12 h (B). In the endocytosis inhibition assay, the cells in 25 cm? culture flasks (~80%
confluence) were treated with 0.5 uM of free DOX or DOX-EBP in the presence of 5 uM of the endocytosis inhibitor PAO at 37°C for 1 h (A) or
12 h (B). After addition of daunorubicin as an internal standard, the cell pellet was extracted with an equal volume of chloroform and isopropanol
mixture (3:1, v/v). Drug content was quantified by HPLC and expressed as pg per cell. Data are shown as mean * SD (n = 6). *P < 0.05,

**P < 0.01.
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endocytosis. After 1 h of incubation with free DOX or DOX-
EBP in the presence of PAO, the cellular accumulation of
free DOX was not affected by PAO in either SW480 or
SW480/DOX cells, but that of DOX-EBP was significantly
reduced in both types of cell compared with non-PAO treat-
ments (Figure 6A). Similar results were also found in both
cell lines after 12 h of incubation with the drugs (Figure 6B).
Taken together, these data suggest that the DOX-EBP
conjugate is transported into and accumulates in the

DOX-EBP C225 + DOX-EBP
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SW480/DOX
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—
Effects of anti-EGF receptor antibody on the intracellular distribution of free DOX and DOX-EBP conjugate in SW480 and SW480/DOX cells. The
cells were pretreated with or without 5 ug-mL™" of anti-EGF receptor monoclonal antibody C225 in fresh serum-free medium at 37°C for 12 h and
then incubated with 0.5 uM of free DOX or DOX-EBP in fresh serum-free medium for 30 min (A and B) or 24 h (C and D) before visualization under
a confocal fluorescence microscope. White solid arrow indicates cytoplasmic and nuclear fluorescence of drugs. Swallowtail arrow indicates cellular

outline or indistinct intracellular fluorescence. N = nucleus. Yellow solid arrow indicates strong intracellular fluorescence, including both cytoplasm
and nucleus.
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tumour cells via EGF receptor-mediated endocytosis, bypass-
ing P-gp-mediated efflux.

EGF receptor-mediated endocytotic
internalization of DOX-EBP conjugate in

DOX-resistant SW480/DOX cells

To further investigate the cellular uptake process of DOX-EBP
conjugate in DOX-resistant cells, both SW480 and SW480/
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Figure 8

Colocalization of internalized DOX-EBP conjugate with endosomes
and lysosomes. The SW480 and SW480/DOX cells were incubated
with DOX-EBP, washed with PBS, fixed with paraformaldehyde and
blocked with BSA. The early and late distribution of internalized
DOX-EBP in endosomes (A) and endosomes/lysosomes (B) were
stained, respectively, with anti-EEAT and anti-LAMP1 antibodies and
examined by confocal microscopy.
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DOX cells were pretreated with C225 before incubation with
free DOX or the conjugate and observed under confocal fluo-
rescence microscope. As shown in Figure 7A, pretreatment
with C225 had no effect on the intracellular fluorescent
intensity and distribution of free DOX in either SW480 or
SW480/DOX cells, indicating that free DOX entered cyto-
plasm and nucleus in a manner independent of EGF receptors
after 30 min of incubation. When the cells were incubated
with DOX-EBP conjugate for the same period, however, the
intracellular fluorescence intensity in both types of cells was
reduced by C225 pretreatment (Figure 7B), demonstrating
the involvement of EGF receptors in cellular internalization
of the conjugate. Similarly, pretreatment with C225 had
no effect on the fluorescence distribution of free DOX
(Figure 7C) but reduced the cellular fluorescence intensity of
DOX-EBP (Figure 7D) when the cells were incubated with the
drugs for 24 h. These data suggest that DOX-EBP conjugate
entered the cells in an EGF receptor-dependent fashion, and
that the conjugate was retained in both DOX-resistant and
non-resistant cells.

Since the consequence of receptor-mediated internaliza-
tion of a conjugated drug is its enclosure first in endosomes
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and then in lysosomes, where the conjugate is cleaved and
released into the intracellular space, we performed colocali-
zation experiments of internalized DOX-EBP using endosome
and lysosome markers (labelled monoclonal antibodies
against EEA1 and LAMP1, respectively) to assess whether
endocytotic pathways are involved in the uptake of DOX-EBP
conjugate. As shown in Figure 8, DOX-EBP was indeed colo-
calized with anti-EEA1-labelled intracellular structures 4 h
after its uptake and then accumulated in LAMP1-positive
lysosomes after 24 h in both in SW480 and SW480/DOX
cells. These results suggest that endocytosis was involved in
the post-internalization steps of DOX-EBP trafficking.

Increased accumulation of DOX-EBP
conjugate in DOX-resistant tumours in vivo
The tumour accumulation of free DOX and DOX-EBP conju-
gate after i.v. administration at a single dose of 5 mg-kg™
DOX equivalent for the indicated times was evaluated in both
DOX-resistant and non-resistant tumour-bearing mice. As
shown in Figure 9A, the peak level of free DOX in SW480
tumour tissue was 8 pug-g' at 0.5 h after injection, whereas
that of DOX-EBP was 21 ug-g™' at 8 h, a 2.5-fold increase in
drug accumulation. The AUC (area under tumour tissue
concentration-time curve) value of DOX-EBP in the tumour
was also increased >6-fold more than that of free DOX, from
134 increased to 761 ug-h-g™', further suggesting a signifi-
cantly higher tumour accumulation of DOX-EBP conjugate in
the non-resistant tumour-bearing mice as compared with free
DOX. On the other hand, the peak level and AUC were four
and five times lower, respectively, in DOX-resistant tumour
tissue than those in non-resistant tumour tissue after admin-
istration of free DOX (Figure 9A and B), indicating the resist-
ance of the SW480/DOX tumour to free DOX in vivo. In
contrast, the peak level of DOX-EBP in the DOX-resistant
tumour tissue was almost the same as that in non-resistant
tumour tissue (Figure 9A and B), and importantly the AUC
from the administration of DOX-EBP was ~24-fold higher
than that from free DOX in the DOX-resistant tumour tissue
(Figure 9B). Together, these results suggest that the DOX-EBP
conjugate may be therapeutically effective on both types of
tumour.

Increased antitumour activity of DOX-EBP
conjugate to DOX-resistant tumours in vivo
To determine the optimal dosing schedule for antitumour
therapy, an in vivo MTD assay was performed in non-tumour
bearing mice, and it was found that the MTD for free DOX
and DOX-EBP were 2.5 and 80 mg-kg™' respectively. A dose-
response experiment was also conducted by monitoring
tumour growth, survival rate and body weight change of
BALB/c-nu/nu mice treated with well-tolerated doses of free
DOX and DOX-EBP on days 7, 14 and 21 after implantation,
s.c., of an SW480 tumour. Injection of 2 mg-kg™ of free DOX
to mice (n = 6) bearing non-resistant tumours resulted in
satisfactory antitumour activity and <10% relative weight loss
within 35 days of tumour implantation (Figure 10A and B),
suggesting the non-resistant tumour model was sensitive to
DOX therapy. However, no significant changes in tumour
growth and survival rate, as compared with the saline
control, were obtained in mice, bearing SW480/DOX
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tumours, 3 mm?3, were transplanted s.c. into experimental mice by a trocar needle. When tumours reached 550 mm?, the animals were treated
with a single dose of free DOX or DOX-EBP (5 mg-kg™' DOX equivalent), and the DOX content of the tumour tissue was determined by HPLC of

samples taken at the indicated times.

tumours, treated with free DOX in the same manner
(Figure 10C and D). Thus, demonstrating the therapeutic
failure of free DOX in DOX-resistant tumour model in vivo.
In contrast, the tumour size in mice bearing non-resistant
SW480 xenografts treated with DOX-EBP conjugate
(15 mg-kg' of DOX equivalent) was decreased 9- and 16-fold
as compared with that with free DOX (2 mg-kg ') and saline,
respectively, on day 35 (Figure 10A). In the DOX-resistant
tumour model, the DOX-EBP conjugate was also more effec-
tive than free DOX, with the tumour size decreased 14- and
13-fold, respectively, as compared with the free DOX treat-
ment and the saline control on day 35 (Figure 10C). In the
survival assay performed in the non-resistant SW480 models
(n = 6), all animals died in the saline group, two died in the
free DOX group and none died in the DOX-EBP group on day
42 (Figure 10B). Similar survival results were also observed in
the resistant SW480/DOX mouse models (Figure 10D). Taken
together, these results demonstrate that the conjugation of
DOX with EBP enhances the ability of DOX to inhibit solid
tumour growth and increases the survival rate of both sensi-
tive and resistant tumour models.

Discussion

DOX is one of the most commonly used anticancer drugs, but
similar to most other anticancer chemotherapeutics, it has
widespread systemic toxic effects on healthy tissues due to
the lack of tumour selectivity. It is also well established that
long-term use of DOX often leads to acquired resistance of
cancer cells against a range of chemotherapeutic drugs, which
in turn has limited its success in clinical chemotherapy. We
have previously demonstrated that the DOX-EBP conjugate is

able to target EGF receptor-overexpressing tumour cells (e.g.
SW480 and SGC-7901) and to reduce non-specific side effects
of DOX to normal tissues (Ai etal., 2011). Using a DOX-
resistant SW480/DOX cell line derived from its original
SW480 cells, we now show that DOX-EBP can accumulate at
high levels in DOX-resistant cells and prevent DOX resistance
in vitro and in vivo.

A major cause of drug resistance in cancer chemotherapy
is the increased expression and activity of P-gp in cancer
cells, leading to reduced intracellular accumulation of drugs
(Ozben, 2006). In this report, we show that the expression of
P-gp expression significantly up-regulated (Figure 2), and the
DOX accumulation is substantially decreased (Figure 1C) in
the DOX-resistant SW480/DOX cells when treated with free
DOX, as compared with that in non-resistant SW480 cells.
These results are in agreement with the cytocidal effect of free
DOX, which is potent against SW480 but not SW480/DOX
cells (Figure 1A). Unlike free DOX, the DOX-EBP conjugate
has almost the same cytocidal efficacy in both SW480 and
SW480/DOX cells (Figure 3A). Consistently, the two types of
cells retained similar levels of DOX-EBP (Figure 3C), which
are comparable with that of free DOX in SW480 cells but
much higher than that of free DOX in SW480/DOX cells
(Figure 1C). These results indicate that the DOX-EBP conju-
gate, but not free DOX, can accumulate in cells regardless of
their P-gp expression status and thus overcome the DOX
resistance of SW480/DOX cells.

Based on the observation that most P-gp substrates are
lipophilic and have a high propensity to partition into the
lipid bilayer of cell membranes, P-gp has been proposed to
recognize its substrates within the lipid bilayer (Aller et al.,
2009; Eckford and Sharom, 2009). As a hydrophobic small
molecule, free DOX can easily diffuse into the lipid bilayer

British Journal of Pharmacology (2013) 168 1719-1735 1731



S Ai etal.

A

25009 o saline
—a— Free DOX
5 20004
E —=— DOX-EBP
E
c 15004
£
3 1000
S
‘g 500
2 il
3
[
04
] ] I || | | ||
10 15 20 25 30 35 40
C Days after implantation
2500~ —e— saline
(<2} —&— Free DOX
£ 2000+ —a— DOX-EBP
=
£ 1500+
=2
[e)
= 10004
5
o
£ 5004
=]
|_
04

45

10 15 20 25 30 35
Days after implantation

Figure 10

100

80 l
60
404 —e— saline
—&— Free DOX
2090 _= pOX-ERP
0 T

Survival (%)

) Ll =
0 5 1015202530354045505560
Days after implantation
100
80+
9
= 60
g
= A
B 404 —e Saline
—&— Free DOX e
204 =~ DOX-EBP
0 I 1 1 1 I | 1 1 1 1 1 L
0 5 10 15 20 25 30 35 40 45 50 55 60

Days after implantation

Therapeutic effect of free DOX and DOX-EBP conjugate in non-DOX-resistant SW480 and DOX-resistant SW480/DOX human colon cancer
xenografts. Sections of tumours, 3 mm?, were transplanted s.c. into BALB/c-nu/nu mice by a trocar needle and the mice were randomly divided
into three groups (n = 6) treated with 2 mg-kg™ of free DOX, 15 mg-kg™" of DOX-EBP (DOX equivalent) or saline, injected into the tail vein on
days 7, 14 and 21. (A and B) Effect of treating s.c. implanted SW480 xenograft with free DOX, DOX-EBP or saline showing tumour size (A) and
Kaplan—-Meier survival curves (B). (C and D) Effect of treating s.c. implanted SW480/DOX xenograft with free DOX, DOX-EBP or saline showing

tumour size (C) and Kaplan-Meier survival curves (D).

but is also rapidly recognized and pumped out from DOX-
resistant cells by the P-gp transporter (Figure 11A). However,
the binding of DOX to carrier molecules may alter its pattern
of cellular uptake. In particular, if DOX conjugates enter cells
via receptor-mediated endocytosis, they are unlikely to be
recognized and thus the P-gp efflux pump will be unable to
remove them (Kim et al., 2008). This is probably the case for
the DOX-EBP conjugate (Figure 11B) since its cellular uptake
can be inhibited by the anti-EGF receptor monoclonal anti-
body C225 and the endocytosis inhibitor PAO (Figure 6).
Other findings from this study also support this notion. For
example, a strong signal for DOX was present in both cyto-
plasm and nuclei of SW480 cells after 30 min and 24 h treat-
ment with free DOX, indicating a passive diffusion of free
DOX into the DOX-sensitive cells, but the DOX signal was
much weaker in SW480/DOX cells under the same treatment,
suggesting the efflux of free DOX in the DOX-resistant, P-gp-
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overexpressing cells (Figure 5). In contrast, treatment of both
SW480 and SW480/DOX cells with DOX-EBP conjugate for
30 min led to the fluorescent DOX being distributed in the
cytoplasm and perinuclear region, but after 24 h the fluores-
cence was observed in the nucleus (Figure 5), which is prob-
ably the result of DOX being released from the conjugate in
the cytoplasm with the prolonged incubation and its subse-
quent entry into the nucleus. Together, these data indicate
that the conjugation of DOX to EBP alters the cellular uptake
process of DOX and that the EGF receptor-mediated endocy-
totic uptake of the conjugate helps DOX evade the effect of
the P-gp efflux pump.

In addition to the in vitro cellular data, the in vivo experi-
ments also showed that the drug level is higher in tumour
tissue when the mice are administered the DOX-EBP conju-
gate than the free DOX. Following a single i.v. injection, the
half-life of DOX-EBP in blood was longer than that of free
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Figure 11

Internalization of DOX-EBP conjugate into P-gp-overexpressing cells via endocytosis. (A) Resistance model of cells to free DOX by P-gp pump (Aller
et al., 2009; Eckford and Sharom, 2009). The two cytoplasmic, nucleotide-binding domains (NBD) of P-gp polypeptide bind and hydrolyse ATP,
while the two transmembrane domains (TMD) form a pathway for substrates to cross the plasma membrane. DOX approaching the cell is rapidly
partitioned into the outer leaflet of the lipid bilayer and is closely bound to the drug-binding sites within the TMD. Then the cytosolic NBD is
opened with the DOX-binding cavity formed by TMD facing towards the cytosol. This is followed by an ATP-dependent closure of the NBD and
a concomitant alteration of P-gp to an outward-facing conformation, and the DOX is subsequently released outside of the cell. As a result, DOX
is removed from the plasma membrane leaflet before entering the cell interior, leading to a lowered intracellular DOX level and thus drug
resistance of the cell. (B) Cellular internalization model of DOX-EBP conjugate bypassing the P-gp pump. When approaching the extracellular side
of the plasma membrane, the DOX-EBP conjugate cannot partition into the lipid bilayer and instead binds to the extracellular fragment of the EGF
receptor (EGFR) on the cell surface, forming a receptor—-conjugate complex. The conjugate is accumulated in an endosome and transported into
the cell via receptor-mediated endocytosis. Once inside the cytoplasm, the conjugate is hydrolysed by a cellular esterase and the active DOX is
released. Upon entering the nucleus, the DOX exerts its pharmacological action. Therefore, the DOX-EBP conjugate can bypass the P-gp pump
by entering the DOX-resistant cell via receptor-mediated endocytosis and as a result overcomes the DOX resistance of the cell.

DOX, leading to an extended circulation time of the conju- et al., 2011). This type of targeted chemotherapy has been
gate and consequently a higher AUC in the tumour tissue. In developed to selectively deliver cytotoxic agents to malignant
contrast, the DOX-EBP accumulation is lower than free DOX cells and achieve a higher intratumoural concentration of
in normal tissues, including liver, lung, kidney and heart (Ai drugs, leading to higher antitumour activity. Hence, we tested
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the antitumour efficacy of DOX-EBP in a murine model
bearing B16 melanoma and revealed the strong inhibitory
effect of the conjugate on tumour growth (Ai et al., 2011). In
the present study, we further showed that DOX-EBP has anti-
tumour effects in mouse models bearing either non-DOX-
resistant or DOX- resistant human colon cancer xenografts
(Figure 10) and thus demonstrate that the conjugate success-
fully targets tumour cells in vivo.

In conclusion, this study has revealed that the conjuga-
tion of DOX to EBP alters the cellular uptake process of DOX
and that the EGF receptor-mediated endocytotic uptake of
the conjugate helps DOX evade the effect of the P-gp efflux
pump. The DOX-EBP conjugate was also found to inhibit
solid tumour growth and increase the survival rate of both
sensitive and resistant tumour models. Together with our
previous work, these findings demonstrate that the DOX-EBP
conjugate has the potential to be a therapeutic agent for EGF
receptor-overexpressing and DOX-resistant tumours and thus
may provide a novel treatment for MDR cancer patients.
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