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ABSTRACT: Doxorubicin (Dox) is a hydrophilic anticancer
drug that has short retention time due to the efficient efflux in
some cancer cells (e.g, ovarian adenocarcinoma SK-OV-3).
Cyclic [W(RW),] and the corresponding linear peptide
(RW), were conjugated with Dox through an appropriate
linker to afford cyclic [W(RW),]—Dox and linear (RW),—Dox
conjugates to enhance the cellular uptake and cellular
retention of the parent drug for sustained anticancer activity.
Comparative antiproliferative assays between covalent (cyclic
[W(RW),]—Dox and linear (RW),—Dox) and the corre-

Cell-Penetrating Cyclic Peptide

sponding noncovalent physical mixtures of the peptides and Dox were performed. Cyclic [W(RW),]—Dox inhibited the cell
proliferation of human leukemia (CCRF-CEM) (62—73%), ovarian adenocarcinoma (SK-OV-3) (51—74%), colorectal
carcinoma (HCT-116) (50—67%), and breast carcinoma (MDA-MB-468) (60—79%) cells at a concentration of 1 M after 72—
120 h of incubation. Cyclic [W(RW),]—Dox exhibited higher antiproliferative activity than linear (RW),—Dox in all cancer cells
with the highest activity observed after 72 h. Flow cytometry analysis showed 3.6-fold higher cellular uptake of cyclic
[W(RW),]—Dox than Dox alone in SK-OV-3 cells after 24 h incubation. The cellular hydrolysis study showed that 99% of cyclic
[W(RW),]—Dox was hydrolyzed intracellularly within 72 h and released Dox. These data suggest that cyclic [W(RW),]—Dox
can be used as a potential prodrug for improving the cellular delivery and retention of Dox.
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B INTRODUCTION

Doxorubicin (Dox) is a well-known anthracycline and widely
used anticancer agent for the treatment of a wide variety of
cancers, such as breast carcinoma, leukemia, and other solid
tumors.' The major mechanism of Dox activity is the inhibition
of topoisomerase II (TOPO II)—~DNA complex, causing DNA
damage through intercalating with the DNA double helix.”

One of the major limitations of cancer chemotherapy
treatment is the development of resistance to a certain dose
of anticancer drugs, such as Dox. Several mechanisms of drug
resistance have been introduced at different levels, including
alteration of the target protein, decreased membrane
permeability and drug metabolism, and/or efflux pumping.*~>
Dox is not being used widely for treating other tumors like
ovarian carcinoma, liver cancer, and stomach cancer in the
clinic,%” due to the development of resistance associated with
Dox. Furthermore, the use of Dox for clinical application
revealed undesired pharmacokinetics properties, such as rapid
distribution, excretion, and low bioavailability of the drug, due
to the hydrophilic nature, high volume of distribution, and
short halflife.*™*° Thus, a high cumulative dose of Dox is
required in cancer chemotherapy to achieve a sufficient
therapeutic effect, which leads to dose-dependent side effects,
such as such as cumulative cardiotoxicity, nephrotoxicity, and
extravasation.''*
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Moreover, intracellular Dox accumulation is dependent on a
number of factors including cellular uptake, retention,
relocalization, and efflux from the cell. Among these factors,
intracellular uptake of Dox suffers from efflux pumping in some
cancer cells, such as ovarian carcinoma cells, leading to
decreased intracellular Dox levels that could be related to the
overexpression of energy-dependent drug efflux pump proteins
such as P-glycoprotein (P-gp). This integral membrane protein
removes drugs and thus reduces intracellular anticancer drug
concentrations."

Efficacy and toxicity of an anticancer drug can be modified
through using drug delivery systems and altering the
physicochemical properties, such as lipophilicity, cellular
uptake, and prolonging activity through chemical conjugation
with various chemical moieties. One of the main applications of
drug delivery systems is to avoid the P-gp and multidrug
resistance proteins (MRPs) that are involved in drug efflux to
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Scheme 1. Synthesis of Linear (RW), Peptide
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overcome the resistance problem and P-gp-mediated drug Arg(Pbf)-OH] on a PS3 automated peptide synthesizer at
efflux.'+1¢ room temperature (Scheme 1). Linear peptide sequence was
Prodrug strategy as one of the drug dehvery systems through assembled on the resin after removing the Fmoc group at the
chemical conjugation with a parent drug 718 has been widely end of the sequence (NH,-RWRWRWRW) (RW),, using 20%
used in Dox delivery.*'’ Several conjugation methods have piperidine in DMF. The resin was washed with DCM (3 X 15
been used to improve Dox delivery, including using gold mL) and MeOH (3 X 15 mL) for complete cleavage of peptide
nanogpartlcles, *% gold nanospheres,21 liposomes,” pepti- from the resin and side chain protecting groups. The resin was
des, and dendrimers.”® Conjugation of Dox with cell- dried in vacuum for 24 h. A cleavage cocktail, namely, reagent R
penetrating peptides (CPPs) has been employed as one of the containing TFA/thioanisole/EDT /anisole (90:5:3:2 v/v/v/v,
privileged methods to translocate a wide variety of cargo 12 mL), was added to the resin. The mixture was shaken at
molecules into various cell lines.'® For instance, Dox has been room temperature for 2 h. The resin was collected by filtration
congugated with dlfferent linear CPPs including penetratin,™* and consequently washed with 2 mL of reagent R again.
tat,”” and polyarginine,®® and maurocalcine.>* Collected filtrates were evaporated to reduce the volume under
However, development of efficient and safe prodrug carriers dry nitrogen. The crude peptide was precipitated by adding
to enhance delivery and retention of Dox into drug-resistant cold diethyl ether (200 mL, Et,0) and centrifuged at 4000 rpm
tumor cells and to reduce efflux remains less explored. We for S min followed by decantation to obtain the solid
previously reported the application of a number of cyclic precipitate. The solid material was further washed with cold
peptldes as noncovalent nuclear targeting molecular trans- ether (2 X 100 mL) for 2 times. The peptide was lyophilized
porters®> of Dox. Cyclic peptides containing arginine and and purified by reversed-phase Hitachi HPLC using a gradient
tryptophan [WR], (n = 3—5) were found to be appropriate system as described in the Supporting Information to yield
noncovalent carriers for Dox, however, the drug intracellular linear (RW), peptide.

retention and toxicity behavior for cyclic peptide—Dox covalent (RW),;. MALDL-TOF (m/z) [CgHyNysOgl: caled,

conjugates remain unexplored. Herein, we report the synthesis 1385.7482; .found» 13?;6-8219. [M + HJ".
of linear and cyclic peptides through the covalent conjugation Synthesis of Cyclic Peptide [W(RW),K]f-Ala. The linear-
with a 3-carbon chain linker at the 14-hydroxyl group, protected peptides sequence was assembled using a PS3
evaluation of their in vitro anticancer activities in multiple automated peptide synthesizer. The linear protected peptide
cancer cell lines, and cellular uptake and retention. The prodrug (Dde-K(Boc-f-Ala) (WRWRWRWRW) was assembled on the
conjugates were designed to improve cellular uptake, to H-Trp(Boc)-Z-Fhlorotrityl chloride resin (513 mg, 0.78 mmol/
prolong biological activity, and to reduce intrinsic cellular g 0.40 mmol) in 0.40 mmol scale (Scheme 2). After the final
efflux of Dox. coupling with Boc-$-Ala-OH, the resin was washed with DMF
(3 X 25 mL, each time S min). Then the Dde group at the
lysine N-terminal was deprotected by using hydrazine
W EXPERIMENTAL SECTION monohydrate (2% v/v) solution in DMF (3 X %S mL, each
Synthesis of Linear (RW), Peptide. The linear peptide time S min). The resin was washed with DMF (5 X 50 mL)
was assembled on Fmoc-Rink amide resin (0.56 g, 0.54 mmol/ followed by washing with DCM (3 X 50 mL). The side chain
g, 0.3 mmol) by solid-phase peptide synthesis strategy using protected peptide was cleaved from trityl resin by using
Fmoc-protected amino acids [Fmoc—Trp(Boc)—OH and Fmoc- cleavage cocktail reagent, acetic acid/TFE/DCM (1:2:7 v/v/v,
489 dx.doi.org/10.1021/mp3004034 | Mol. Pharmaceutics 2013, 10, 488—499
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Scheme 2. Synthesis of Cyclic [W(RW),K](f-Ala) Peptide
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50 mL), by shaking for 1 h at room temperature to yield the
side chain protected linear peptide. The resin was collected by
filtration and washed with TFE/DCM (2:8 v/v, 2 X 10 mL).
The combined filtrates were evaporated under reduced
pressure. Hexane (2 X 25 mL) and DCM (1 X 25 mL) were
added to the residue to remove the acetic acid from the cleaved
crude peptide. The crude peptide was obtained as a white solid
and was dried in vacuum overnight. The compound was
directly used for the next cyclization reaction. The linear
peptide was dissolved in DMF/DCM (S:1 v/v, 250 mL). 1-
Hydroxy-7-azabenzotriazole (HOAt, 223 mg, 1.64 mmol, 4
equiv) and 1,3-diisopropylcarbodiimide (DIC, 290 ul, 1.86
mmol, 4.5 equiv) were added to the mixture, and the solution
was stirred at room temperature for 6 h. The completion of the
cyclization was checked by MALDI-TOF. After the reaction
was completed, the solvents were removed under reduced
pressure by using a rotary evaporator. The crude product was
dried overnight in vacuum before the final cleavage reaction.
The cleavage reaction was performed by using reagent R as
previously described. The crude peptides were lyophilized and
purified by reversed-phase Hitachi HPLC (L-24S5S) as

490

described in the Supporting Information to yield cyclic peptide
[W(RW),K(B-Ala)].

MALDI-TOF (m/z) [CgH, 1Ny, ]:
found, 1756.6570 [M + 3H]".

Synthesis of N-Fmoc-Dox-14-O-hemiglutarate. The
synthesis of this N-Fmoc Dox derivative was carried out
according to the previously reported procedure.”® In brief, Dox
hydrochloride (100 mg, 0.17 mmol) was dissolved in
anhydrous DMF (4 mL) in a round-bottom flask and stirred
at room temperature under nitrogen atmosphere. Fmoc-OSu
(60 mg, 0.18 mmol) was added to the reaction mixture
followed by dropwise addition of anhydrous N,N-diisopropy-
lethylamine (DIPEA, 60 uL, 0.34 mmol). Aluminum foil was
used to cover the reaction vessel from light, and stirring of the
reaction mixture was continued at room temperature. The
reaction was stopped, and the solvent was removed after 4 h.
The remaining oily liquid was triturated with 0.1% TFA
solution in water (v/v) to afford crystalline solid compound.
The crystalline solid was collected through filtration and
washed with cold diethyl ether to remove traces of excess of
Fmoc-OSu. HPLC analysis showed that the crude product was
pure (95%). The Fmoc-N-Dox (110 mg, 0.14 mmol) was

caled, 1753.9331;
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Scheme 3. Synthesis of Dox—Peptide (Linear or Cyclic) Conjugates
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reacted with glutaric anhydride (19.7 mg, 0.17 mmol) in the
presence of anhydrous DIPEA (46 uL, 0.26 mmol) in
anhydrous DMF (S mL) for 16 h under nitrogen atmosphere.
Analytical HPLC analysis showed that the reaction was
completed after 16 h. The solvent was removed under reduced
pressure, and the oily liquid was triturated with 0.1% TFA
solution in water (v/v) to precipitate the crude solid material.
The crude solid material was filtered and dried in high vacuum.
The material was purified by HPLC to afford pure N-Fmoc-
Dox-14-O-hemiglutarate (95%).

General Procedure for Coupling of the Peptides to
Dox. N-Fmoc-Dox-14-O-hemiglutarate (1 equiv), cyclic or
linear peptide (1 equiv), benzotriazol-1-yloxytripyrrolidino-
phosphonium hexafluorophosphate (PyBOP, 1.35 equiv), and
hydroxybenzotriazole (HOB, 2.70 equiv) were added to the
glass vial under nitrogen atmosphere (Scheme 3). Anhydrous
DMF (1—2 mL) was used as a solvent, and the reaction mixture
was stirred to dissolve the compounds followed by the addition
of DIPEA (8 equiv). Then, the reaction mixture was stirred for
1.5 h in the absence of light. The solvent was removed under
reduced pressure, and cold diethyl ether was added to the
residue. The crude peptide was precipitated and centrifuged to
obtain the crude solid peptide conjugate. The peptide was dried
under nitrogen gas. To remove the Fmoc group, a solution of
piperidine in DMF was used (20% v/v, 2 mL for S min). The
solution color turned to blue, and the reaction was terminated
by adding drops of TFA solution in DMF (20% v/v) until the
solution color turned to light red. The solvent was removed
under reduced pressure, and oily liquid was dissolved in
acetonitrile/water (50% v/v). The HPLC purification afforded
the final linear peptide or cyclic peptide—Dox conjugates.

Cyclic [W(RW),]—Dox Peptide. '"H NMR (DMSO-dj, 500
MHz, § ppm): 0.80—0.97 (m, 8H, CH,CH,CH,NH, Arg),
1.10-125 (m, 13H, CH,CH,CH,NH, Arg, Lys, 6-CH,),
1.89-2.25 (m, 4H, H-8 and H-2'), 2.40-2.67 (m, 14H,
CH,CO and CH,CH,CH,NH), 2.90—3.20 (m, 12H, CH,, Trp,
H-10), 3.55-3.52 (m, H-3', H-4' overlapped with DMSO
peaks), 3.99 (s, 3H, OCHj,), 4.20—4.40 (m, 6H, aCH, Arg, Lys,
H-5'), 4.85—4.98 (m, SH, aCH, Trp), 5.10—5.48 (m, 3H, H-7,
OCH,CO), 5.61-5.65 (m, 1H, H-1'), 627 (br s, 12 H, NH),
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6.85—7.70 (m, aromatic, 25 H, Trp, aromatic CH), 7.75—8.00
(m, 4H, aromatic CH), 10.74 (br s, SH, NH, Trp), 13.27 (s,
2H, PhOH). MALDLTOF (m/z) [Cy0H,4sNsoOn: caled,
2393.1283; found, 2393.5332 [M]*.

Linear (RW),—-Dox. MALDI-TOF (m/z)
[CooH124NsOy 1+ caled, 2024.9434; found, 2024.6139 [M]".

Cell Culture. Human leukemia carcinoma cell line CCRF-
CEM (ATCC no. CCL-119), breast adenocarcinoma MDA-
MB-468 (ATCC no. HTB-132), ovarian adenocarcinoma SK-
OV-3 (ATCC no. HTB-77), and colorectal carcinoma HCT-
116 (ATCC no. CCL-247) were obtained from American Type
Culture Collection. The cells were grown on 75 cm” cell culture
flasks with RPMI-16 medium for leukemia and EMEM medium
for other cell lines and supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin—streptomycin solution (10,000
units of penicillin and 10 mg of streptomycin in 0.9% NaCl) in
a humidified atmosphere of 5% CO,, 95% air at 37 °C.

Antiproliferation Assay. Antiproliferative activities of
covalently synthesized cyclic [W(RW),]—Dox, linear (RW),—
Dox derivatives, and noncovalent mixtures of cyclic [RW], +
Dox and linear (RW), + Dox were evaluated in MDA-MB-468,
CCRF-CEM, SK-OV-3, and HCT-116 cells, and the results
were compared with that of Dox alone. The assay was carried
out using CellTiter 96 AQueous One Solution Cell
Proliferation Assay Kit (Promega, USA). As a representative
example, SK-OV-3 cells were suspended in § X 10°/mL
(CCRF-CEM, 4 X 10*/mL), and 100 uL of the cell suspension
was placed in each well of the 96 well culture plates. The cells
were incubated with Dox (1 uM), cyclic [W(RW),]—Dox (1
uM), linear (RW),—Dox (1 uM), cyclic [RW], (1 uM) + Dox
(1 #uM), and linear (RW), (1 uM) + Dox (1 M) in 2% DMSO
and tested in triplicate. For the physical mixtures, an
appropriate volume of Dox stock solution was mixed with an
appropriate volume of an aqueous solution of cyclic and linear
peptides physically to obtain a final concentration of Dox (1
M) and the peptide (1 uM). The mixture was vigorously
mixed and vortexed until the solution became homogeneous/
clear red color. Subsequently, the mixture was incubated for 30
min at 37 °C before addition to the cells. Incubation was
carried out at 37 °C in an incubator supplied with 5% CO, for
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24—120 h. At the end of the sample exposure period (24—120
h), 20 pL of CellTiter 96 aqueous solution was added. The
plate was returned to the incubator for 1 h in a humidified
atmosphere at 37 °C. The absorbance of the formazan product
was measured at 490 nm using a microplate reader. The
percentage of cell survival was calculated as [(OD value of cells
treated with the test compound) — (OD value of culture
medium)]/[(OD value of control cells) — (OD value of culture
medium)] X 100%.

Cell Cytotoxicity Assay. The cytotoxicity of Dox and
cyclic [W(RW),]—Dox against MDA-MB-468, HCT-116,
CCRF-CEM, and SK-OV-3 was determined by MTS assay
using CellTiter 96 AQueous One Solution Cell Proliferation
Assay Kit (Promega, USA). All cells were plated overnight in 96
well plates with a density of 5000 cells per well in 0.1 mL of
appropriate growth medium at 37 °C. Different concentrations
of Dox or cyclic [W(RW),]—Dox (up to a maximum of 10
uM) were incubated with the cells for 2 h. Compounds were
removed from medium by replacing with fresh medium, and
the cells were kept in an incubator for another 72 h. The cells
without compounds were included in each experiment as
controls. After 72 h of incubation, 20 uL of MTS was added
and incubated for 2 h. The absorbance of the formazan product
was measured at 490 nm using microplate reader. The
percentage of cytotoxicity was calculated as [(OD value of
untreated cells) — (OD value of treated cells)]/(OD value of
untreated cells) X 100%.

Confocal Microscopy. SK-OV-3 cells were seeded with
EMEM media overnight on coverslips in six well plates. Then
the medium was removed and washed with opti-MEM. The
cells were treated with Dox or cyclic [W(RW),]—Dox (S uM)
in opti-MEM for 1 h at 37 °C. After 1 h incubation, the media
containing the compound were removed followed by washing
with PBS three times. Then coverslips were placed on a drop of
mounting medium on a microscope slide with cell-attached side
facing down. Laser scanning confocal microscopy was carried
out using a Carl Zeiss LSM 510 system. The cells were imaged
using rhodamine and phase contrast channels. In the case of
drug efflux studies, after a 1 h incubation period, the medium
containing drugs was removed and washed with opti-MEM.
Then fresh medium with serum was added into the cells. After
24 h, the medium was removed and washed with PBS three
times, and then the cells were visualized under confocal
microscopy.

Fluorescence Activated Cell Sorter (FACS) Analysis of
Cellular Uptake Experiment. Ovarian carcinoma cells were
plated overnight in six well plates (2 X 10° cells/well) in
EMEM media. Then Dox (5 uM), cyclic [W(RW),]—Dox (S
uM), linear (RW),—Dox (5 uM), cyclic [RW], (S uM) + Dox
(5 uM), and (RW), (5 uM) + Dox (5 uM) were added in
serum-free RPMI to the cells. For the physical mixtures, an
appropriate volume of Dox stock solution was mixed with an
appropriate volume of an aqueous solution of cyclic and linear
peptides physically to obtain a final concentration of Dox (S
uM) and CPPs (S uM). The mixture was vigorously mixed and
vortexed until the solution became homogeneous/clear red
color. Subsequently, the mixture was incubated for 30 min at 37
°C before addition to the cells. The plates were incubated for 1
h at 37 °C. After 1 h incubation, the media containing drugs
were removed. The cells were digested with 0.25% trypsin/0.53
mM EDTA for 5 min to detach from the plate. Then the cells
were centrifuged and washed twice with PBS. Finally, the cells
were resuspended in flow cytometry buffer and analyzed by
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flow cytometry (FACSCalibur: Becton Dickinson) using FL2
channel and CellQuest software. The data presented are based
on the mean fluorescence signal for 10,000 cells collected. All
assays were performed in triplicate.

Fluorescence Activated Cell Sorter (FACS) Analysis of
Cell Cycle Arrest. Colorectal carcinoma cells (2 X 10° per
well) were treated with cyclic [W(RW),]—Dox at 1 uM for 1 h
followed by 24 h incubation in drug-free medium. Cells were
fixed in ice-cold ethanol:PBS (70:30, v/v) for 30 min at 4 °C,
further resuspended in PBS with 100 yg/mL RNase and 40 ug/
mL propidium iodide, and incubated at 37 °C for 30 min. The
DNA content (for 10,000 cells) was analyzed using a
FACSCalibur instrument equipped with FACStation with
FACSCalibur software (BD Biosciences, San Diego, CA,
USA). The analyses of cell cycle distribution were performed
in triplicate (n = 2 plates per experiment) for the sample
treatment. The coefficient of variation, according to the ModFit
LT Version 2 acquisition software package (Verity Software
House, Topsham, ME, USA), was always less than 5%.

Topo Il Decatenation Assay. The topoisomearase II assay
kit (Catalog No. 1001-1) was purchased from TopoGEN, Inc.
(Port Orange, FL). Eukaryotic Topo Il was assayed by
decatenation of KDNA and monitoring the appearance of a
smaller DNA (decatenated DNA circles). Reaction mixtures
containing kDNA (0.1 ug) in a final volume of 20 uL and 1X
reaction buffer containing Tris-HCl (50 mM, pH 8.0), NaCl
(150 mM), MgCl, (10 mM), dithiothreitol (0.5 mM), and ATP
(2 mM) were incubated for 30 min at 37 °C without and with
Dox, and cyclic [W(RW),]—Dox at 10, 20, 30, 40, and 50 yM
final concentration. Reactions were terminated with the
addition of 0.4 volume of stop buffer (5% sarkosyl, 0.125%
bromophenol blue, and 25% glycerol). One unit of Topo II is
defined as the amount of enzyme required to fully decatenate
0.1 ug of kDNA in 30 min at 37 °C. The decatenation products
were analyzed on 1% agarose gels having 0.5 ug of ethidium
bromide/mL. Eukaryotic Topo II products were separated at
108 V, which allowed rapid resolution of catenated networks
from the minicircles. Gels were photographed by ethidium
bromide fluorescence on Typhoon Imager.

Stability Studies. The stability of cyclic [W(RW),]—Dox
was evaluated using phosphate-buffered saline (PBS) and fetal
bovine serum (FBS). PBS and FBS were purchased from
Invitrogen and ATCC (Manassas, VA). FBS (1 mL, 100%) and
PBS (1 mL, pH 7.0) were incubated with cyclic [W(RW),]—
Dox (75 uL, 1 mM in water) at 37 °C followed by intermediate
mixing. An aliquot of 75 L of the mixture was taken out at
different time intervals (10 min to 96 h) and diluted with water
(75 pL). The mixture was analyzed by using analytical HPLC
detecting the wavelength of 490 nm. The area under the curve
(AUC) was calculated and used to find out the percentage of
released Dox and remaining prodrug at a given time. Figure S5
(Supporting Information) was plotted between relative
percentage of released Dox and cyclic [W(RW),]—Dox based
on HPLC analysis.

Cellular Hydrolysis. Intracellular hydrolysis of cyclic
[W(RW),]—Dox and accumulation of Dox and the peptide—
Dox conjugate were determined in CCRF-CEM cells by HPLC
analysis. CCRF-CEM cells were grown in 75 cm?” culture flasks
with serum-free RPMI medium to ~70—80% confluence (1.37
X 107 cells/mL). The medium was replaced with fresh RPMI
medium having cyclic [W(RW),]—-Dox (1 M), and the cells
were incubated at 37 °C for 4 h. The medium containing cyclic
[W(RW),]—Dox was carefully removed by using centrifugation
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and replaced with fresh RPMI serum-free medium. The cells
were partitioned/transferred to culture plates (six well) having
1.37 X 107 cells per well in § mL of medium and incubated for
the indicated time. After incubation, the cells were collected by
centrifugation. The medium was removed carefully by decant-
ation, and cell pellets were washed with ice-cold PBS to remove
any medium. The cell pellets were thoroughly extracted with an
equal volume of methanol, chloroform, and isopropanol
mixture (4:3:1 v/v/v) and filtered through 0.2 pm filters.
The relative Dox and cyclic [W(RW),]—Dox concentrations in
cell lysates were quantified by analytical HPLC analysis as
described in the Supporting Information at 490 nm using the
water/acetonitrile solvent method.

B RESULTS AND DISCUSSION

Chemistry. Linear and cyclic peptides were synthesized by
Fmoc/tBu solid-phase peptide synthesis. Scheme 1 depicts the
synthesis of linear peptide (RW), on the Rink amide resin. The
linear peptide sequence was assembled using a PS3 peptide
synthesizer. The last Fmoc group on the N-terminal was
deprotected by piperidine (20% v/v, DMF). The resin was
dried, washed, and cleaved by cleavage cocktail (reagent R) to
afford the linear (RW),, which was purified by reversed-phase
Hitachi HPLC.

For the synthesis of the cyclic peptide, first the linear
protected peptide (Dde-K(Boc-f-Ala)(WRWRWRWRW) was
assembled on the H-Trp(Boc)-2-chlorotrityl chloride resin.
The Dde group of N-terminal lysine was removed in the
presence of hydrazine (2% in DMF). The side chain protected
peptide was cleaved from the resin using AcOH/TFE/DCM
(1:2:7 v/v/v) cocktail. The cyclization of the side chain
protected peptide was performed under pseudodilute con-
ditions in the presence of HOAt and DIC (Scheme 2). The
cyclic peptide was cleaved in the presence of reagent R, purified
using reversed-phase HPLC, and used for the conjugation with
Dox.

N-Fmoc-Dox-14-O-hemiglutrate was prepared as described
previously.>> In brief, the reaction of glutaric anhydride with
Fmoc-protected Dox was carried out to produce the Dox
hemiglutarate ester with a free COOH, which after HPLC
purification and lyophilization was used for coupling with linear
and cyclic peptides. The conjugation of the peptides with N-
Fmoc-Dox-14-0-hemiglutrate was achieved in a similar pattern
(Scheme 3). The equimolar amount of the peptide and Dox
was coupled through formation of an amide bond between the
amino group of peptides and carboxylic acid in the Fmoc-
protected Dox. The carboxylic group in Fmoc-protected Dox
was preactivated in the presence of HOAt/PyBOP/DIPEA in
DMF for 15 min before reacting with the peptides. After
conjugation, the Fmoc protecting group was removed using
piperidine and was then acidified. The coupled peptide was
purified using HPLC and lyophilized. The structures of all the
final compounds were confirmed by a high-resolution MALDI
TOF/TOF mass spectrometer. The purity of the final product
(£95%) was confirmed by reversed-phase analytical HPLC
using a gradient system with water (0.1% TFA) and acetonitrile
as eluting solvents.

Biological Activities. Cytotoxicity and Antiproliferative
Activity of Peptide—Dox Derivatives. Cyclic [WR], and cyclic
[W(RW)K](p-Ala) did not show any significant toxicity in
MDA-MB-468, HCT-116, CCRF-CEM, and SK-OV-3 cells at a
concentration of 10 uM (Figure 1) after different incubation
times including 24 h, 72 h, and 120 h. These data are consistent
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Cell Proliferation (%)

[WRJ4 (100 M) IWRJ4 (50 uh) IWRJ4 (10 uM)

(10 uM)

Figure 1. Cytotoxicity assay of cyclic [WR], and cyclic [W(RW),K]-
(B-Ala) in MDA-MB-468, HCT-116, CCRF-CEM, and SK-OV-3.

with previously reported data of cyclic [WR],*> Thus, a
noncytotoxic concentration of 1 yM was selected for cell-based
studies of cyclic peptide conjugate cyclic [W(RW),]—Dox and
the physical mixture cyclic [RW], + Dox. We recently
compared the toxicity of [WR], versus commonly used cell-
penetrating peptides and transporters including polyArg CR7,
TAT (YGRKKRRQRRRC) (100 pM), and oligofectamine
2000 (Invitrogen, a cationic lipid formulation).** [WR], did
not show any significant toxicity in human ovarian
adenocarcinoma (SK-OV-3) and human leukemia (CCREF-
CEM) cancer cells and normal human colon myofibroblast
(CCD-18Co) cells, while other cell-penetrating peptides
polyArg CR7, TAT (YGRKKRRQRRRC), and oligofectamine
2000 (Invitrogen, a cationic lipid formulation) reduced the
viability by 21—55%.

The activity of compounds on the cell proliferation of
different cancer cells, CCRF-CEM, SK-OV-3, HCT-116, and
MDA-MB-468, was investigated for up to 120 h at the
concentration of 1 #M. The activity of synthesized compounds,
linear (RW),—Dox and cyclic [W(RW) ,]—Dox, was evaluated
in a comparative study with the noncovalent physical mixtures
of linear (RW), + Dox and cyclic [RW], + Dox, and Dox alone
(Figure 2).

Cyclic [W(RW),]—Dox exhibited higher antiproliferative
activity than linear (RW),—Dox in all cancer cells, with the
highest activity observed after 72 h. The effect of compounds
was found to be time dependent. The cell proliferation
inhibitory activity of compounds was enhanced at longer
incubation period of compounds with cells presumably because
of the hydrolysis of the conjugate to Dox. Cyclic [W(RW),]—
Dox inhibited the cell proliferation of CCRF-CEM (62—73%),
SK-OV-3 (51-74%), HTC-116 (50—67%), and MDA-MB-468
(60—79%) cells at a concentration of 1 M after 72—120 h of
incubation, while linear (RW),—Dox exhibited antiproliferative
activity against CCRF-CEM (46—69%), SK-OV-3 (28—34%),
HTC-116 (21-61%), and MDA-MB-468 (60—74%) under
similar conditions. These data suggest that cyclization of
peptide provided a more effective transporter for Dox. The
antiproliferative activity of cyclic [W(RW),]—Dox was in the
order MDA-MB-468 > CCRF-CEM > SK-OV-3 > HTC-116.

In general, the physical mixture of linear (RW), and cyclic
[RW], with Dox derivative showed less antiproliferative activity
in comparison to cyclic [W(RW),]—Dox conjugate after 72—
120 h against CCRE-CEM (52—68%), SK-OV-3 (47—67%),
and HTC-116 (38—62%), and showed slightly better or
comparable activity against MDA-MB-468 (71—78%). Dox
exhibited also similar antiproliferative activity in comparison to
the physical mixture against CCRF-CEM (59—71%), SK-OV-3
(48—59%), HTC-116 (37—64%), and MDA-MB-468 (71—
77%) after 72—120 h of incubation, indicating that conjugation
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Figure 2. Inhibition of (a) CCRF-CEM, (b) SK-OV-3, (c) HCT-116, and (d) MDA-MB-468 cells by compounds (1 uM) after 24—120 h
incubation. The results are shown as the percentage of the control DMSO that has no compound (set at 100%). All the experiments were performed
in triplicate (+SD).

of the cyclic peptide with Dox in cyclic [W(RW),]-Dox %
improved the antiproliferative activity of Dox in some of the 80
tested cancer cells. The cyclic peptide—Dox conjugate showed
comparable antiproliferative activity against CCRF-CEM and
MDA-MB-468 when compared to Dox after 96 and 120 h
incubation. However, the antiproliferative activities of cyclic
[W(RW),]—Dox conjugate in SK-OV-3 and HCT-116 cells

were higher than those of Dox at a concentration of 1 yM after

96 and 120 h incubation. For example, cyclic [W(RW),]—Dox *
inhibited the cell proliferation of SK-OV-3 (67—74%) and 2
HTC-116 (65—67%) cells at a concentration of 1 uM after 96— ;

120 h of incubation, while Dox exhibited antiproliferative |

aCtiVity against SK-OV-3 (57—59%) and HTC-116 (57—64%) DMSO DOX DOX +linear (RW)4 DOX +cyclic[RW]4  DOX-[W(RW)4] DOX-(RW)S
under similar conditions. . .
; . . Figure 3. FACS analysis of cellular uptake assays of cyclic
Cyclic [W(RW),J—Dox Showed Higher Cellular Retention [W(RW),]-Dox (5 uM) in SK-OV-3 cells compared with linear

Than Dox and Linear (RW),—Dox. Dox is easy to track by (RW),—Dox (5 #M) and the physical mixtures, cyclic [RW),] (5 uM)
using fluorescence-based techniques, due to the inherent red + Dox (5 M) and linear (RW), (S uM) + Dox (5 pM).

fluorescence. Because of the higher antiproliferative activity of
cyclic [W(RW),]—Dox after 72 h compared to linear (RW),—

Dox and Dox, this compound was selected for further cellular physical mixtures, cyclic [W(RW),] + Dox and linear (RW), +
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uptake studies in comparison to other compounds to determine Dox, in SK-OV-3 (Figure 3). Between linear and cyclic
whether the higher activity of this compound is consistent with peptide—Dox covalent conjugates, the retention of cyclic
enhanced uptake of the compound. [W(RW),]—Dox was found to be 2.6-fold higher compared
The cellular uptake of all derivatives was examined in Dox- to that of linear (RW),—Dox. These data suggest that cyclic
resistant SK-OV-3 cells using fluorescence-activated cell sorter peptide—Dox, cyclic [W(RW),]—Dox, enhanced the cellular
(FACS) analysis (Figure 3). To obtain the primary influx, cells uptake of the compound. The cyclic nature of the peptide was
were allowed to be incubated with covalent cyclic [W(RW),]— found to contribute in inhibition of the efflux. These data are
Dox and linear (RW),—Dox peptides, noncovalent physical consistent with higher antiproliferative activity of cyclic
mixtures, cyclic [W(RW),] + Dox and linear (RW), + Dox, and [W(RW),]—Dox versus linear (RW),—Dox and Dox, suggest-
Dox for 1 h. This process was followed by 24 h incubation with ing that the presence of cyclic peptide in the conjugate reduces
media to allow the cells to start the efflux process through efflux, increases cellular uptake and retention of Dox, and
pumping the compounds out. Then the amounts of Dox in cells enhances antiproliferative activity.
were evaluated by using FACS in Dox-resistant SK-OV-3 cells. Cyclic [W(RW),J—Dox Nuclear Localization in SK-OV-3
The data showed 3.3—3.6-fold more cellular uptake of cyclic Cells. The cellular localization of free Dox and conjugate cyclic
[W(RW),]—Dox compared to Dox alone and noncovalent [W(RW),]—Dox was compared in SK-OV-3 cells after 1 and
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Figure 4. (a) Confocal microscopy images of Dox and cyclic [W(RW),]—Dox (S uM) uptake in SK-OV-03 cells after 1 h. Red represents the
fluorescence of Dox. (b) Confocal microscopy images of Dox and cyclic [W(RW),]—Dox (S M) uptake in SK-OV-03 cells. SK-OV-3 cells were
treated with the compound for 1 h. The compound was removed, and the cells were incubated with complete media for 24 h. Red represents the

fluorescence of Dox.

24 h incubation at 37 °C. A noncytotoxic concentration of §
UM was chosen to ensure Dox fluorescence detection by
confocal microscopy. Confocal microscopy images of SK-OV-3
cells are shown after 1 h incubation. Free Dox and cyclic
[W(RW),]—Dox were localized mainly in the nucleus (Figure
4a). The results showed that the covalent conjugation of Dox
with cyclic [W(RW),] did not prevent the nuclear accumu-
lation of the drug. To compare the retention ability of cyclic
[W(RW),]—Dox versus Dox alone against efflux effects, SK-
OV-3 cells were incubated with both compounds for 1 h
followed by incubation in drug-free media for 24 h at 37 °C.
The fluorescence intensity of Dox in cells treated with cyclic
[W(RW),]—Dox was found to be significantly higher than that
in cells treated with Dox alone (Figure 4b), indicating that
cyclic [W(RW),]—Dox was retained in cells much longer than
free Dox. Thus, this conjugate has a potential to be used as a
tool for enhancing the nuclear retention of Dox.

Stability of Cyclic [W(RW),J—Dox. Cyclic [W(RW),]—Dox
was incubated with phosphate-buffered saline (PBS) and fetal
bovine serum (FBS) solution at 37 °C at different time
intervals. The results indicated that cyclic [W(RW),]—Dox is

495

relatively stable in both systems with half-life values of 10.77
and 2620 h in PBS and FBS, respectively. No interaction
between serum proteins and cyclic [W(RW),]-Dox was
observed since the mixture was clear and no precipitation or
turbidity was found during the assay. Cyclic [W(RW),]—Dox
was found to be stable in PBS (97%) and FBS (84%) after 1 h.
For cellular uptake studies using FACS, the cells were
incubated by cyclic [W(RW),]—Dox for 1 h followed by 24
h incubation with drug-free media. During the 1 h period, the
compound showed minimal hydrolysis in serum, suggesting
that most of the compound is hydrolyzed intracellularly
(Figures SS and S6 in the Supporting Information).
Intracellular Hydrolysis. Intracellular hydrolysis results for
cyclic [W(RW),]—Dox were monitored in CCRF-CEM cells.
CCRF-CEM cells (1.37 X 107) were incubated with the
conjugate (1 uM) for 4 h followed by drug-free medium to
determine the possibility of the intracellular hydrolysis to Dox.
Drug-free medium was used to rule out the continuous cellular
uptake of the conjugate, while the compound is hydrolyzed
intracellularly. HPLC analysis with detection at 490 nm and at
specific time intervals after cellular lysis was used to measure
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Molecular Pharmaceutics

o] e

Standards

Dox

C[W(RW),}-Dox bo

1 h incubation
[W(RW),]-Dox 85.8%
Dox14.2 %

12 h incubation
E [W(RW),]-Dox 53.4%
Dox46.6 %

24 h incubation
[W(RW),]-Dox 35.5% !
Dox 64.5%

3 7 H ¥ 7 ¥ LI N T R T S 2N

48 h incubation
[W(RW),]-Dox 13.4%
Dox 86.6%

I

72 h incubation

[W(RW),]-Dox 1.0%
Dox 99.0 %

H T 7 ¥ 7 ¥ I T T S M M N M

3 Y 4 ] 7 [ I I T T N T )

Figure S. HPLC chromatograms for the cellular uptake studies of cyclic [W(RW),]—Dox using CCRF-CEM cells after incubation for 1—72 h.

the ratio of the cyclic [W(RW),]—Dox and released Dox. The
cellular hydrolysis data exhibited that the cyclic peptide—Dox
conjugate was hydrolyzed intracellularly and released Dox in a
time-dependent manner. More than 46% of cyclic [W(RW),]—
Dox was hydrolyzed intracellularly within 12 h. Approximately
86% of cyclic [W(RW),]—Dox was hydrolyzed intracellularly
within 48 h (Figure S). These data suggest that the enhanced
uptake, retention, and sustained intracellular hydrolysis of cyclic
[W(RW),]—Dox to Dox contribute to overall activity of the
conjugate as a potential prodrug.

Cell Cycle Distribution Analysis. In addition to
apoptosis,”>® Dox treatment causes cell cycle arrest in cancer
cells.’” The impact of cyclic [W(RW),]—Dox on cell cycle
distribution was investigated in colorectal carcinoma cells
(HCT-116) compared to Dox. All experiments were performed
under similar conditions, and appropriate controls were used to
confirm the results. An hour incubation was selected followed
by 24 h incubation in drug-free medium, due to the significant
difference in the cellular uptake of cyclic [W(RW),]—Dox and
Dox. Control cells were found in Go/G, phase (46.8 + 1.0%), S
phase (36.5 + 0.7%), and G,/M phase (16.5 + 0.2%). The
percentage of the pre-GO/G1 population indicates the
apoptosis rate of cells. There was no significant pre-G0-G1
population as shown in the histograms because the cells were
incubated with Dox and the prodrug only for 1 h. Cells treated
with compounds (Dox and cyclic [W(RW),]—Dox) showed
different patterns than control cells for G,/G, phase (53.0
1.0% and 422 + 1.4%), S phase (21.8 + 3.0% and 23.5

+

*
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0.2%), and G,/M phase (25.1 + 2.0% and 34.1 + 1.2%),

respectively (Figure 6). The data showed that, in cells treated
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= Control @Dox O[W(RW)4]-Dox
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0

GO0/G1 s G2m

Figure 6. Comparison of cell cycle arrest by Dox and cyclic
[W(RW),]—Dox.

with cyclic [W(RW),]—Dox, the proportion of cells in G,/G,
phase was decreased nearly 10% compared to values for Dox.
On the other hand, the proportion of cells in G,/M phase
increased nearly 10% compared to values for Dox. These data
suggest that cyclic [W(RW),]—Dox led to a significant
reduction of cells in Gy/G; phase, and caused more
accumulation in G,/M phase in HCT-116 cells. This pattern
is slightly different when compared to Dox. This could be due
to the requirement for cyclic [W(RW),]—Dox to get
hydrolyzed to Dox. Based on the population of cells at
different phases, prodrug follows a different pattern when
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Figure 7. Topo II assay for Dox (middle) and cyclic [W(RW),]—Dox (right). The lines Al and A2 were linear markers and decatenated DNA
markers, respectively. Line A3 represents the blank kDNA in the absence of any compound. kDNA was incubated with compound Dox (10—50 uM,
lanes BI-BS) and cyclic [W(RW),]—Dox (10—S0 M, lanes C1—CS) and decatenated using topoisomerase II for 30 min at 37 °C. The
decatenation was monitored by gel electrophoresis and imaged by ethidium bromide fluorescence.

compared with Dox. Some of the antiproliferative activity by
cyclic [W(RW),]—Dox could be due to the differential pattern
of cell cycle distribution by the conjugate, in addition to
intracellular hydrolysis to Dox. The histograms were also
provided in the Supporting Information (Figure S4).

Topo Il Inhibitory Activity. One of the major anticancer
mechanisms of Dox is the inhibition of topoisomerase IL>
Thus, a comparative study was performed between cyclic
[W(RW),]—Dox and Dox to determine whether the conjugate
has Topo II inhibitory activity similar to that of the parent drug.
Topo II is responsible for catalyzing the DNA double-stranded
cleavage process by isolating catenated DNA duplexes.
Kinetoplast DNA (kDNA) is used as a DNA substrate in the
in vitro decatenation assay. The potency of Dox and cyclic
[W(RW),]-Dox to inhibit Topo II enzyme for the
decatenation of kDNA was used to analyze the comparative
inhibitory activity of the compounds. Topo II decatenation
assay exhibited that Dox inhibited Topo II at concentrations
between 10 and 20 uM; however cyclic [W(RW),]—Dox
inhibited the Topo II activity at concentrations between 20 and
30 uM (Figure 7) under similar reaction conditions. As
expected, the conjugate acts at higher concentration compared
to Dox since the conjugate is required to get hydrolyzed to Dox
to be able to inhibit Topo II more efficiently. Under the in vitro
conditions used here, the conjugate is not hydrolyzed and the
reduced Topo II inhibitory activity is possibly due to the
conjugation to the peptide and associated steric hindrance.
Hydrolysis to Dox is required to generate maximum Topo II
inhibitory activity associated with Dox. The conjugate does not
undergo hydrolysis under in vitro conditions in this assay.

B CONCLUSIONS

In summary, linear and cyclic peptide—Dox conjugates were
synthesized as prodrugs, were evaluated for their activities
against various cancer cell lines, and were compared with the
corresponding physical mixtures. The conjugation of Dox with
a specific cyclic peptide, cyclic [W(RW),]—Dox, improved the
antiproliferative activity compared to the corresponding
physical mixtures in all tested cell lines. Cyclic peptide—Dox
conjugate showed comparable antiproliferative activity against
CCRF-CEM and MDA-MB-468 when compared to Dox.
However, the antiproliferative activities of cyclic [W(RW),]—
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Dox conjugate in SK-OV-3 and HCT-116 cells were higher
than those of Dox and linear (RW),—Dox at a concentration of
1 uM after 96 and 120 h incubation. Dox has short retention
time in some cancer cells (e.g., ovarian adenocarcinoma SK-
OV-3) due to the efficient efflux effect. Thus, the differential
cytotoxicity of cyclic [W(RW),]—Dox with Dox in SK-OV-3
could be due to the retention of Dox in the presence of the
cyclic peptide. Since the system was designed as a prodrug, we
did not expect to detect a huge difference between Dox and
cyclic [W(RW),]—Dox in cytotoxicity. Furthermore, we
demonstrated that the prodrug approach for Dox using a
cyclic peptide conjugate significantly improved the cellular
uptake and retention time of Dox in SK-OV-3 cancer cells.
Flow cytometry analysis showed 3.3—3.6-fold higher cellular
uptake of cyclic [W(RW),]—Dox than Dox alone and the
physical mixtures, cyclic [W(RW),] + Dox and linear (RW), +
Dox, in SK-OV-3 cells after 24 h incubation. The conjugate
exhibited nuclear localization and retention after 24 h, and
underwent intracellular hydrolysis to Dox in CCRF-CEM cells,
suggesting to be a potential prodrug for delivery of the drug.
The cellular hydrolysis study showed that 99% of cyclic
[W(RW),]—Dox was hydrolyzed intracellularly within 72 h and
released Dox. These data suggest that cyclic [W(RW),]—Dox
can be used as a potential prodrug for improving the biological
profile, cellular delivery, and retention of Dox.
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penetrating peptides; DCM, dichloromethane; Dox, doxor-
ubicin; DIPEA, N,N-diisopropylethylamine; HBTU, DDS, drug
delivery systems; FACS, fluorescence activated cell sorter; FBS,
fetal bovine serum; DCM, dichloromethane; HCT-116, human
colorectal carcinoma; HOBt, hydroxybenzotriazole; HBTU,
1,1,3,3-tetramethyluronium hexafluorophosphate; MDA-MB-
468, human breast adenocarcinoma; MRPs, multidrug resist-
ance proteins; NMM, (N-methylmorpholine); P-gp, P-glyco-
protein; PBS, phosphate buffered saline solution; PyBOP,
benzotriazol-1-yloxytripyrrolidinophosphonium hexafluoro-
phosphate; SK-OV-3, human ovarian adenocarcinoma,
1,1,3,3-tetramethyluronium hexafluorophosphate; TOPO 1II,
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