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Abstract: Multidrug resistance (MDR) remains the biggest
challenge in treating cancers. Herein we propose the intra-
cellular self-assembly of nanodrugs as a new strategy for
overcoming MDR. By employing a biocompatible conden-
sation reaction, we rationally designed a taxol derivative Ac-
Arg-Val-Arg-Arg-Cys(StBu)-Lys(taxol)-2-cyanobenzothiazole
(CBT-Taxol) which could be subjected to furin-controlled
condensation and self-assembly of taxol nanoparticles (Taxol-
NPs). Invitro and invivo studies indicated that, compared
with taxol, CBT-Taxol showed a 4.5-fold or 1.5-fold increase in
anti-MDR effects, respectively, on taxol-resistant HCT 116
cancer cells or tumors without being toxic to the cells or the
mice. Our results demonstrate that structuring protease-sus-
ceptible agents and assembling them intracellularly into nano-
drugs could be a new optimal strategy for overcoming MDR.

M ultidrug resistance (MDR) is one of the primary con-
tributors to the failure of many chemotherapeutic agents for
cancer.! MDR generally arises from increased expression of
cellular membrane proteins that mediate unidirectional
energy-dependent drug efflux, thereby causing interception
and exportation of the drug before it reaches its intracellular
target.”) Normally, MDR results from the original resistance
induced by one drug.”
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The three common strategies proposed and investigated
to overcome MDR are: 1) Inhibiting MDR efflux pumps with
P-glycoprotein (Pgp) specific peptides or antibodies, or down-
regulating the MDR1 gene with transcriptional repressors or
siRNAs;* ! 2) structuring new agents that are less suscep-
tible to MDR ;"2 3) increasing the circulation time of drugs
in cells by nanocarries including liposomes, polymer con-
jugates, micelles, dendrimers, and carbon-based as well as
metallic nanoparticles.”>!*! However, the efficacy of anti-
MDR approaches through inhibitors, repressors, or siRNAs
has been compromised by bioavailability problems, adverse
interactions with drug performance, or interference with drug
clearance, which results in elevated drug concentrations in
plasma and associated toxicity.'>!*! Therefore, modification
of the drug itself seems to be a better alternative strategy for
overcoming MDR.["8 Studies have shown that certain
agents (e.g. molecular transporters containing cell-penetrat-
ing peptides), when attached to a drug or probe, will facilitate
their cellular uptake through multiple mechanisms other than
passive diffusion.!'>') However, cells can adapt to and resist
the new agents after one circle of treatment. As a consequence
of their ability to load large amount of drugs, nanocarriers
have shown unique advantages for overcoming MDR by local
release of a high concentration of drugs inside cells after they
translocate the cell membrane. However, the difficulties of
their cell translocation and fabrication, poor reproducibility
or physical stability, and long-term toxicity as well as the low
bioavailability of the nanodrugs eclipse their advantages in
anti-MDR approaches.*’!

After considering the above-mentioned advantages and
disadvantages of pre-existing anti-MDR methods, we pro-
posed a new strategy for overcoming the MDR of drug-
resistant cells invitro and invivo (Figure1). Based on
a biocompatible condensation reaction recently developed
by Rao, Liang, and co-workers,*'?! we designed our taxol
derivative CBT-Taxol with the following components: a 2-
cyanobenzothiazole (CBT) motif, a taxol motif conjugating to
the side chain of a lysine (Lys) motif, a disulfide-functional-
ized cysteine (Cys) motif, and a RVRR substrate for furin
cleavage and improving the cellular uptake of the drug. The
trans-Golgi protease furin is one type of protein convertases
that plays important roles in homeostasis and in diseases
ranging from Alzheimer to anthrax, Ebola fever, and
cancer.”® After CBT-Taxol enters into furin-overexpressed
cells (i.e. HCT 116 cells here), it undergoes reduction with
glutathione (GSH) and a condensation reaction controlled by
furin cleavage to yield hydrophobic oligomers (mostly
dimers), as demonstrated previously.”' The oligomers will
then self-assemble into taxol nanoparticles (Taxol-NPs) at (or
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Figure 1. a) Chemical structures of CBT-Taxol. b) Schematic illustration
of intracellular furin-controlled self-assembly of Taxol-NPs for anti-
MDR.

near) the locations of activated furin (i.e. Golgi bodies). As
a consequence of their large sizes and their hydrophobicity,
which enables them to tightly attach to the membrane
organelles (e.g. Golgi bodies), as-formed Taxol-NPs are
difficult to pump out by Pgp and, therefore, their circulation
time inside cells is prolonged effectively. After the ester bonds
on Taxol-NPs are cleaved by esterases in cells, free taxol is
gradually released to bind the tubulin continuously, which
effectively overcomes the MDR of the cancer cells.

This strategy for overcoming the MDR of cancer cells has
several merits: 1) The cell-penetrating peptide RVRR used
here not only increases the water solubility of taxol, but also
improves its cellular uptake and bioavailability; 2) intra-
cellular self-assembly of Taxol-NPs not only increases the
concentration of taxol locally but also prolongs its circulation
time; 3) all the biocompatible materials for synthesizing CBT-
Taxol and the biocompatible condensation reaction for
intracellular self-assembly of taxol-NPs assure the biocom-
patibility of the whole strategy.

After synthesizing and characterizing CBT-Taxol (see
Scheme S1 and Figure S1 in the Supporting Information), we
then compared the water solubility of CBT-Taxol with taxol.
As shown in Figure 2 a, whereas 0.1 mm taxol was insoluble in
water containing 1% DMSO, CBT-Taxol at the same
concentration (i.e. 0.1 mm) was completely dissolved. When
the concentration was increased to 1 mm, CBT-Taxol still
dissolved in water containing 10 % DMSO, while taxol at this
concentration resulted in a turbid suspension. The corre-
sponding transmittance values of vials containing 0.1 mm
taxol, 0.1 mm CBT-Taxol, 1 mm taxol, and 1 mm CBT-Taxol
(Figure 2a) at 600 nm were 70.0%, 99.4%, 2.30%, and
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Figure 2. a) From left to right: 0.1 mm taxol in water (1% DMSO),

0.1 mm CBT-Taxol in water (1% DMSO), 1T mwm taxol in water (10%
DMSO), 1 mm CBT-Taxol in water (10% DMSO). b) TEM images of
Taxol-NPs formed by 100 um CBT-Taxol treated with 0.2 nmolU™" furin
at 37°C for 8 h. ¢) HPLC traces of 100 um CBT-Taxol (black), 100 um
CBT-Taxol treated with 1 mm GSH for 2 h (red), 100 um CBT-Taxol
treated with T mm GSH and 0.2 nmolU™" furin at 37°C for 2 h (green),
4 h (cyan), and 8 h (purple).

92.6 %, respectively. This suggests CBT-Taxol is much soluble
in water than taxol. We then validated the furin-controlled
condensation of CBT-Taxol and the subsequent self-assembly
of its taxol nanoparticles (Taxol-NPs). Before that, the
enzymatic parameters K. and K_/K,; of furin towards
CBT-Taxol were calculated to be 7.11min! and
0.067 um 'min !, respectively (Figure S2). After the addition
of 1 mM GSH to 100 um CBT-Taxol (dissolved in furin buffer,
pH 7.0) and incubation for 2 h at 37°C, the disulfide bond of
CBT-Taxol was reduced by GSH, thereby yielding the
reduction product CBT-Taxol-Red (Figure 2 ¢ and Figure S3).
When 100 um CBT-Taxol was treated with 1 mmM GSH and
0.2nmolU™" furin at 37°C, the reduction product of CBT-
Taxol (i.e. CBT-Taxol-Red) was gradually cleaved by furin to
yield the active intermediate, which instantly condenses with
each other to yield the hydrophobic dimer CBT-Taxol-Dimer
(Figure 2¢ and Figure S4), which self-assembled into Taxol-
NPs. UV/Vis spectroscopy, dynamic light scattering (DLS),
and transmission electron microscope (TEM) were used to
verify the formation and characterize the Taxol-NPs obtained.
The increased UV/Vis absorptions from 500 nm to 700 nm (as
a result of light scattering) of CBT-Taxol after incubation with
furin revealed the formation of nanoparticles (Figure S5).
DLS measurements showed the average hydrous dynamic
diameter of as-formed Taxol-NPs was about 66.2 £6.7 nm
(Figure S6). The TEM image in Figure 2b indicates that the
Taxol-NPs have an average diameter of 29.8 £ 4.3 nm (Fig-
ure S7). To chemically validate the GSH-controlled reduction
and subsequent furin-controlled condensation of CBT-Taxol,
we directly subjected the above incubation mixtures to HPLC
and collected the compounds for matrix-assisted laser
desorption/ionization (MALDI) mass spectrometric analysis
(Figure 2c¢). As the incubation time increased from 2 h, to 4 h,
to 8 h, the ratio of the HPLC peak area of CBT-Taxol-Dimer
(24.9 min, Figure S4) to CBT-Taxol-Red (21.8 min, Figure S3)
increased from 0.4:1, to 1.5:1, to 60:1, thus suggesting furin
cleavage is much slower than the reduction of CBT-Taxol with
GSH under these conditions.
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To validate the efficacy of CBT-Taxol for overcoming
MDR, we first tested it on taxol-resistant cells. Furin-overex-
pressed human colon cancer HCT 116 cells (proven by
Western blotting; Figure S8) were chosen for the following
experiments. The 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenylte-
trazolium bromide (MTT) assay was employed to investigate
the cytotoxicity of taxol and CBT-Taxol on parental HCT 116
cells and taxol-resistant HCT 116 cells over 48 h, respectively.
However, before approaching the furin at Golgi bodies, the
cyano group of CBT-Taxol would condense at a low chemical
concentration with intracellular Cys, thus making its self-
condensation and the assembly of Taxol-NPs unfeasible. To
resolve this, we have demonstrated that co-incubation of the
compound (e.g. CBT-Taxol herein) with its CBT precursor
(e.g. compound C (Ac-Arg-Val-Arg-Arg-Cys(StBu)-Lys-2-
cyanobenzothiazole) herein, see Scheme S1) above 25 um
would overcome the intracellular Cys and warrant the self-
assembly of the nanoparticles inside cells.””! We thus used
50 um C for co-incubation with CBT-Taxol. To verify the
intracellular self-assembly of Taxol-NPs in HCT 116 cells, we
used a fluorophore Alexa 488 to replace the taxol motif on
CBT-Taxol and synthesized the analogue Ac-Arg-Val-Arg-
Arg-Cys(StBu)-Lys(Alexa 488)-2-cyanobenzothiazole (CBT-
Alexa 488, Scheme S2 and Figure S9). After co-incubation of
5um CBT-Alexa 488 and 50 pm compound C with furin-
overexpressed HCT 116 cells or furin-deficient human hep-
atocarcinoma SK-HEP-1 cells for 8h, three-dimensional
structured illumination microscopy (3D-SIM) fluorescence
images clearly showed green fluorescent nanoparticles clus-
tered at/near the Golgi bodies in HCT 116 cells, but very
weak, homogeneously dispersed green fluorescence was
displayed in SK-HEP-1 cells (Figure S10 and Movies S1-3).
Cell-uptake studies indicated that, during 120 min co-incuba-
tion with 50 um C, CBT-Taxol showed clearly higher cell
uptakes than taxol on both HCT 116 cells and human normal
liver epithelial THLE-3 cells (Figure S11). The amount of
CBT-Taxol taken up by HCT 116 cancer cells was nearly
twofold that of CBT-Taxol by THLE-3 normal cells (Fig-
ure S11a). The MTT assay indicated that C is nontoxic up to
a concentration of 500 um to both parental and taxol-resistant
HCT 116 cell lines for three days (Figure S12). From Fig-
ure 3a, we find that the half-inhibitory concentration (ICs,) of
taxol was 5.02nm, and the ICs,value of CBT-Taxol was
51.3 nm for parental HCT 116 cells. From Figure 3b, we find
that the ICs, value of taxol is 663 nm, and that of CBT-Taxol
1.51 um for taxol-resistant HCT 116 cells. Thus, the MDR
factor of CBT-Taxol was 29.4 (1.51 um/51.3 nm), which was
observably lower than the MDR factor of taxol (132=
663 nm/5.02 nm), thus suggesting a clear anti-MDR ability of
CBT-Taxol (4.5-fold of taxol). To verify that the cytotoxicity
of CBT-Taxol-treated taxol-resistant HCT 116 cells resulted
from furin-controlled formation of Taxol-NPs, we pretreated
the cells with furin inhibitor II (H-(D)Arg-Arg-Arg-Arg-
Arg-Arg-NH, 100 pum) for 30 min before incubating the cells
with CBT-Taxol or taxol. The ICy, value of CBT-Taxol-treated
cells was clearly increased to 2.98 um from its original 1.51 pm,
while that of Taxol-treated cells did not change much (625 nm
versus the original 663 nM; Figure S13a). This suggests that
the anti-MDR effect of CBT-Taxol actually resulted from
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Figure 3. Cell viability study of a) parental HCT 116 cells and b) taxol-
resistant HCT 116 cells on treatment with taxol or CBT-Taxol (co
incubated with 50 um C) for 48 h. The error bar represents the
standard deviation of three independent experiments. Tubulin immu-
nofluorescence staining of taxol-resistant HCT 116 cells treated with
) 200 nm taxol or d) 200 nm CBT-Taxol (co-incubated with 50 um C)
forOh, 4h,8h,12h, 24 h, 48 h, 72 h, and 96 h.

furin-controlled self-assembly of Taxol-NPs. To exclude other
factors (e.g. MDR1/Pgp) that probably contribute to the anti-
MDR effect of CBT-Taxol on the taxol-resistant HCT 116
cells, we pretreated the cells with Pgp inhibitor (verapamil,
10 um) for 30 min before incubating the cells with CBT-Taxol
or taxol for MTT study. the ICy, value of CBT-Taxol-treated
cells was clearly decreased to 137 nM from its original 1.51 pmM,
while that of taxol-treated cells decreased to 24.5 nm from its
original 663 nMm (Figure S13b), thus suggesting CBT-Taxol did
not influence the expression and function of MDR1/Pgp. To
verify the furin-controlled condensation of CBT-Taxol in
cells, we incubated the taxol-resistant HCT 116 cell lysate
with 300 um CBT-Taxol at 37°C for 2 h, then the cell lysate
was analyzed by HPLC. The peak of the CBT-Taxol-Dimer
appeared on the HPLC trace, as expected (Figure S14). To
validate the proposed anti-MDR mechanism of CBT-Taxol
(i.e. long-term release of taxol from Taxol-NPs), we used the
immunofluorescence staining of tubulin to track the anti-
cancer effect of CBT-Taxol. From Figure 3c,d, we find the
condensation of intracellular tubulin induced by 200 nm CBT-
Taxol (co-incubated with 50 um C) is slower than that with
200 nm taxol, but the duration of the tubulin-condensation
induced by CBT-Taxol was longer than that by taxol. To
further testify the anti-MDR effect was caused by the
prolonged circulation time and the facility of cellular uptake
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instead of down regulation of the MDRI1 gene, we detected
the expression level of MDR1 before and after the addition of
CBT-Taxol. Neither the expression of MDR1 mRNA nor Pgp
showed a noticeable change (Figure S15), thus suggesting that
our CBT-Taxol did not affect the expression of the MDR1
gene.

Nude mice were subcutaneously injected with parental
HCT 116 cells in the left thigh and taxol-resistant HCT 116
cells in the right thigh. When the tumor volume reached 50—
100 mm®, the nude mice were randomly divided into three
groups (n =6 for each group). Taxol or CBT-Taxol with C was
dispersed in  Cremophory/EtOH/saline  (1:1:10) to
1.0mgmL™" taxol or 24mgmL"' CBT-Taxol with
5.5mgmL "' C. The vehicle (Cremophory/EtOH/saline at
1:1:10) alone was used as a control. 5.0 mgkg ' Taxol
(5.9 umolkg ™), 12 mgkg™' CBT-Taxol (5.9 umolkg™") with
27.6 mgkg™! C (25 umolkg™'), or the vehicle at the same
volume was injected into each nude mouse of the three groups
by intraperitoneal (i.p.) injection (Q2D x7 doses), respec-
tively. As shown in Figure 4a,b, mice co-injected with CBT-
Taxol and C showed impressively better antitumor effects
than those only injected with taxol on both HCT 116 tumors
and taxol-resistant HCT 116 tumors. At day 20, the average
tumor volumes of parental HCT 116 tumors and taxol-
resistant HCT 116 tumors in taxol-treated group reduced to
about 56.4 % and 88.9 %, respectively, compared with those in
the control group. The average tumor volumes of parental
HCT 116 tumors and taxol-resistant HCT 116 tumors in the
CBT-Taxol-treated group, respectively, reduced to about
33.2% and 34.3%, compared with those in the control
group. We denoted the in vivo MDR factor as the reduction in
the tumor volume ratio of taxol-resistant HCT 116 tumors to
parental HCT 116 tumors. The in vivo MDR factor for taxol
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Figure 4. Antitumor effect of control vehicle, taxol, and CBT-Taxol co-
injected with C on a) parental HCT 116 tumor or b) taxol-resistant
HCT 116 tumor implanted in nude mice. c) Tumor weight of nude
mice implanted with parental HCT 116 tumors and taxol-resistant
HCT 116 tumors at day 20 when treated with control vehicle, taxol,
and CBT-Taxol co-injected with C. d) Change in mouse body weight
versus time. The arrow indicates that each mouse receives one dose of
injection at this time point.
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was 1.58 (88.9%/56.4 %), while that for CBT-Taxol was 1.03
(34.3%/33.2%). Thus, we can safely conclude that CBT-Taxol
co-injected with C has a clear anti-MDR effect on the taxol-
resistant tumors (1.53-fold increase of the anti-MDR factor of
taxol). The tumor weights obtained from the above three
groups at day 20 were consistent with the above results on the
tumor volume (Figure 4c; typical photographs of tumors of
three groups at day 20 are shown in Figure S16). During
treatment, we measured the body weight of each mouse to
validate the toxicity of the drugs (or vehicle). As shown in
Figure 4d, compared with that of the control group, the
average body weight of taxol-treated mice at day 20 reduced
by about 9.1 %, thus indicating that taxol is toxic to mice at
this injection dose. Interestingly, the average body weight of
mice in the group treated with CBT-Taxol and C at day 20
increased by about 6.1 %, compared with that of the control
group, thus suggesting CBT-Taxol with C remitted the toxicity
of the vehicle on the mice. The above results indicated that
while CBT-Taxol co-injected with C showed better anti-MDR
properties on taxol-resistant tumors than taxol, it was not
toxic to the mice.

In summary, based on a biocompatible condensation
reaction and enzymatic self-assembly, we rationally designed
a taxol derivative CBT-Taxol and offered a new strategy for
overcoming MDR. A MTT study indicated that, compared
with taxol, CBT-Taxol co-incubated with C has a 4.5-fold
increased anti-MDR effect on taxol-resistant HCT 116 cancer
cells. Immunofluorescence microscopic cell imaging indicated
that CBT-Taxol has a longer lasting effect on tubulin
condensation than taxol, thus suggesting intracellular self-
assembly of Taxol-NPs and slow release of taxol from the
nanoparticles. In vivo studies indicated that co-injection of
CBT-Taxol with C showed a 1.53-fold increase in the anti-
MDR effect on taxol-resistant HCT 116 tumors than taxol,
while not being toxic to the mice. With these in vitro and
in vivo anti-MDR effects of CBT-Taxol, we envision our
strategy to be a starting point for scientists to design more
sophisticated intracellular self-assembling systems for treat-
ing diseases and overcoming MDR more efficiently.

Keywords: furin - multidrug resistance - nanoparticles -
self-assembly - taxol
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