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Abstract

Taxane-based therapy provides a survival benefit in patients
with metastatic prostate cancer, yet the median survival is less
than 20 months in this setting due in part to taxane-associated
resistance. Innovative strategies are required to overcome che-
moresistance for improved patient survival. Here, NanoOrl, a
new experimental nanoparticle formulation of the FDA-
approved drug, orlistat, was investigated for its cytotoxicity in
taxane-resistant prostate cancer utilizing two established tax-
ane-resistant (TxR) cell lines. Orlistat is a weight loss drug that
inhibits gastric lipases, but is also a potent inhibitor of fatty
acid synthase (FASN), which is overexpressed in many types of
cancer. NanoOrl was also investigated for its potential to
synergize with taxanes in TxR cell lines. Both orlistat and
NanoOrl synergistically inhibited cell viability when combined
with paclitaxel, docetaxel, and cabazitaxel in PC3-TxR and

DU145-TxR cells, yet these combinations were also additive
in parental lines. We observed synergistic levels of apoptosis in
TxR cells treated with NanoOrl and docetaxel in combination.
Mechanistically, the synergy between orlistat and taxanes was
independent of effects on the P-glycoprotein multidrug resis-
tance protein, as determined by an efflux activity assay. On the
other hand, immunoblot and immunofluorescence staining
with an anti-detyrosinated tubulin antibody demonstrated that
enhanced microtubule stability was induced by combined
NanoOrl and docetaxel treatment in TxR cells. Furthermore,
TxR cells exhibited higher lipid synthesis, as demonstrated by
14C-choline incorporation that was abrogated by NanoOrl.
These results provide a strong rationale to assess the transla-
tional potential of NanoOrl to overcome taxane resistance.
Mol Cancer Ther; 16(9); 1819–30. �2017 AACR.

Introduction
Taxanes are a class of chemotherapeutics that bind to tubu-

lin and stabilize microtubules. Several taxanes, including pac-
litaxel, albumin-bound paclitaxel (nab-paclitaxel), and doce-
taxel are approved for use alone or with other drugs for
multiple cancers, including breast, ovarian, non–small cell

lung cancer, pancreatic, among others (1–3). For patients with
metastatic castration-resistant prostate cancer (mCRPC), doc-
etaxel is a standard treatment with a demonstrated survival
benefit (4, 5). Patients that initially respond to taxane-based
therapy, however, invariably develop progressive disease. Con-
sequently, a second-generation taxane, cabazitaxel, is approved
for prostate cancer patients progressing after docetaxel-based
chemotherapy (6). The structure of cabazitaxel confers a low
affinity for the MDR1 [or P-glycoprotein (P-gp); encoded by
the ABCB1 gene] efflux pump, allowing for its use in taxane-
resistant (TxR) cancer (7).

Several mechanisms have been associated with taxane resis-
tance, including overexpression of drug efflux pumps, alterations
in microtubules (i.e., mutations and isoform expression of tubu-
lin), and changes in signaling pathways that enhance cell survival
(7–9). A number of chemotherapeutics, including paclitaxel and
docetaxel, are substrates for MDR1. In prostate cancer, MDR1
expression is directly correlated with tumor stage and grade (10).
TxR prostate cancer cell lines have been reported to overexpress
MDR1. For example, Takeda and colleagues (11) reported
TxR-PC3 and TxR-DU145 cell lines by culturing parental cells
with a stepwise concentration increase of paclitaxel. The resulting
paclitaxel-resistant cells overexpressed MDR1 and were cross-
resistant to docetaxel, estramustine phosphate, vinblastine, and
doxorubicin (11).

Although rare, tubulin mutations found in human cancers are
capable of conferring resistance to taxanes in a cell culture envi-
ronment (12), and tubulin mutations at the drug-binding site

1Department of Pharmaceutical Sciences, University ofNebraskaMedical Center,
Omaha, Nebraska. 2Department of Cancer Biology, Wake Forest University
Health Sciences, Winston-Salem, North Carolina. 3Eppley Institute for Research
in Cancer and Allied Diseases, University of Nebraska Medical Center, Omaha,
Nebraska. 4Department of Biochemistry and Molecular Biology, University of
Nebraska Medical Center, Omaha, Nebraska. 5Department of Genetics, Cell
Biology, and Anatomy, University of Nebraska Medical Center, Omaha,
Nebraska. 6Department of Pathology and Microbiology, University of Nebraska
Medical Center, Omaha, Nebraska. 7Fred and Pamela Buffett Cancer Center,
University of Nebraska Medical Center, Omaha, Nebraska. 8Wake Forest Com-
prehensive Cancer Center, Wake Forest University Health Sciences, Winston-
Salem, North Carolina.

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Corresponding Author: Aaron M. Mohs, University of Nebraska Medical Center,
5-12315 Scott Research Tower, Fred & Pamela Buffett Cancer Center, Omaha,
NE 68198-6858. Phone: 402-559-4336; Fax: 402-559-5060; E-mail:
aaron.mohs@unmc.edu

doi: 10.1158/1535-7163.MCT-17-0013

�2017 American Association for Cancer Research.

Molecular
Cancer
Therapeutics

www.aacrjournals.org 1819

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/9/1819/1856468/1819.pdf by guest on 19 M
ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-17-0013&domain=pdf&date_stamp=2017-8-22


have been reported in TxR cell lines (13). High expression of the
class III b-tubulin (bIII-tubulin) isotype has been associated with
more aggressive and drug-resistant cancers (8, 14). Expression of
bIII-tubulin in prostate cancer tissues is predictive for poorer
survival in docetaxel treated patients, and overexpression or
knockdownof bIII-tubulin in prostate cancer cell linesmodulated
sensitivity to docetaxel (15). Similarly, expression of bIII-tubulin
in lung, breast, and ovarian tumor cells is associated with poorer
survival in patients treated with taxanes (16–18). Altered expres-
sion of microtubule-associated proteins (MAP) is also associated
with changes in sensitivity to taxanes (8).

Fatty acid synthase (FASN) is the enzyme that produces de novo
fatty acids (FA). FASN expression and activity is increased in
tumor cells and correlates with advanced tumor stage and poor
patient prognosis (19, 20). In prostate cancer, FASN mRNA is
upregulated in castration-resistant metastases compared with
primary prostate tumors (21). Moreover, the FASN inhibitors
cerulenin, C75, and C93 have been reported to enhance taxane
sensitivity in resistant cancer cells (22–24). FASN-generated pal-
mitate andother fatty acids, includingpalmitoleate andoleate, are
found at higher levels in metastatic prostate cancer tissues com-
pared with primary tumors (25). To that end, several FASN
inhibitors are in development with a wide array of chemical
structures (26–31). However, these compounds are either in early
stages of preclinical development or are limited by severe side-
effects. Alternatively, Kridel and colleagues (32) discovered that
orlistat is an effective FASN inhibitor (33), and binds to the
thioesterase (TE) domain (34).

Orlistat is indicated as a lipase inhibitor, and is FDA-approved
as a weight loss aid by blocking the absorption of dietary fat. A
major challenge in the development of orlistat as a chemother-
apeutic is its high hydrophobicity and poor bioavailability, which
necessitate large doses to result in a tumor response in mice
(32, 35, 36). To overcome these challenges, we recently reported
the synthesis and characterization of a self-assembled nanopar-
ticle (NP) formulation of orlistat, termed NanoOrl (37). Entrap-
ment of orlistat in hyaluronic acid-derived NPs increases the
solubility, stability, and efficacy of orlistat. NanoOrl was cytotoxic
to LNCaP and PC3 prostate, and MDA-MB-231 breast cancer cell
lines and inhibited the FASN-TE domain at a similar level as
extracted stock orlistat, and lipid synthesis was reduced to similar
levels in PC3 cells treatedwith either free orlistat orNanoOrl (37).
The main objective of the current study was to investigate the
potential of NanoOrl in taxane-resistant (TxR) prostate cancer.
Here, we determine the sensitivity of TxR cells to orlistat and
NanoOrl, perform combination studies with multiple taxanes
and NanoOrl, and examine potential synergistic mechanisms.

Materials and Methods
Materials

Paclitaxel, docetaxel, and cabazitaxel were purchased from LC
Laboratories and stock solutions were made in DMSO. Orlistat
was purchased from Alfa Aesar and stock solution was made in
ethanol. Sodium hyaluronate (10 kDa) was purchased from
Lifecore Biomedical. 1-Pyrenebutyric acid was obtained from
Sigma-Aldrich.

Preparation of NanoOrl
Synthesis of HA nanoparticles of orlistat (NanoOrl) was per-

formed as described previously (37). Briefly, the hydrophobic
ligand aminopropyl-1-pyrenebutanamide was conjugated to

hyaluronic acid to drive self-assembly in aqueous solution (38).
During self-assembly, orlistat was entrapped in the hydrophobic
domains of the nanoparticles. Nanoparticles were loaded with
20 wt% orlistat and had loading efficiency > 96% as determined
by extraction from NanoOrl followed by HPLC quantification.

Cell lines and culture
PC3 and DU145 prostate cancer cell lines were obtained in

2013 from theATCC. The TxRPC3-TxR andDU145-TxR cells were
a kind gift fromDr. RamMahato (University of NebraskaMedical
Center, Omaha, NE) in 2015, and were originally generated by
Takeda and colleagues (11). PC3 and DU145 cells were main-
tained in RPMI1640 medium supplemented with 10% FBS,
100 IU penicillin, and 100 mg/mL streptomycin. PC3-TxR and
DU145-TxR cells were maintained in RPMI1640 medium con-
taining 200 nmol/L paclitaxel and supplementation described
above. All cells were incubated at 37�C in a humidified incubator
with 5% CO2.

Cell viability assay
Cells (2,000–3,000 per well) were seeded in 96-well plates and

allowed to adhere overnight. Cells were treated with indicated
concentrations of orlistat, NanoOrl, empty NPs, paclitaxel, doc-
etaxel, or cabazitaxel, or indicated combinations of drugs for
72 hours. Concentrations of NanoOrl used for treatment are
represented in the results as the equivalent concentration of
orlistat. Cell viability was assessed by CCK-8 assay (Dojindo).
Absorbance was read on a Synergy HTX Multi-Mode Reader
(BioTek). Viability for treated cells was normalized to untreated
cells on the same plate.

Analysis of synergy/antagonism from combination studies
To determine possible additive and synergistic effects when

using combinations of a taxane with orlistat or NanoOrl, the data
from cell viability assays were first analyzed using the freely
available software, Combenefit (39), which simultaneously
assesses synergy/antagonism using three published models
[Highest single agent (HSA), Bliss, and Loewe]. The software
calculates a synergy score for each combination, where a positive
score indicates synergy, a score of 0 is additive, and a negative
score indicates antagonism. The "Contour" and "Matrix" views
were selected as graphical outputs for the synergy distribution.
The "Contour" view of synergy/antagonism is represented in the
Results section.

Results were also analyzed according to the Chou–Talalay
model (40) using the freely available CompuSyn software (Com-
boSyn, Inc.) developed by Chou and Martin. The software calcu-
lates the combination index (CI) for each drug combination,
where aCI value <1 indicates synergy, CI¼ 1 is additive andCI >1
indicates antagonism. Data were uploaded manually for each
combination, and the Log(CI) versus Fa (log of combination
index vs. fraction affected) plot was used for the Results section.

Apoptosis assay
Cells (PC3-TxR¼ 9�104;DU145-TxR¼3� 104 perwell)were

seeded in 12-well plates overnight, then treated with orlistat,
NanoOrl, docetaxel, or in combination. After indicated treatment
times, all cells frommedia, PBSwash step, and trypsinizationwere
combined, counted, and centrifuged. Cells were then stainedwith
the FITC Annexin V Apoptosis Detection Kit I (556547, BD
Biosciences) per the manufacturer's recommendations. Stained
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cells were immediately analyzed using a BD LSRII flow cytometer
in the Flow Cytometry Research Facility at UNMC.

Trypan blue exclusion assay
TxR cells were treated with or without Nano-Orl (12.5 mmol/L)

and docetaxel (200 nmol/L) for 24 hours (PC3-TxR) or 48 hours
(DU145-TxR), then trypsinized and mixed 1:1 with Trypan blue.
Cells were counted in a hemocytometer using Invitrogen Coun-
tessTM Automated Cell Counter.

Western blot analysis
Cells were washed with PBS and lysed in radioimmunopreci-

pitation assay (RIPA) lysis buffer containing protease inhibitors.
Cell debris was removed by centrifugation at 13,000 rpm for
10 minutes and the supernatant was collected. Protein content
was quantified using the Bio-Rad Protein Assay Dye (Bio-Rad
Laboratories, Inc.). Equal amounts of total protein (20–30 mg)
were separated by electrophoresis on SDS-PAGE gels and trans-
ferred to nitrocellulosemembranes. Themembranes were probed
with primary antibodies against FASN (1:1,000 dilution, 3180S,
Cell Signaling Technology), MDR-1 (1:500, sc-55510, Santa Cruz
Biotechnology), detyrosinated tubulin (1:750, AB3201, EMD
Millipore), a-tubulin (1:1,000, MABT205, EMD Millipore),
cleaved PARP (1:2,000, #9546, Cell Signaling Technology), phos-
phorylated-ERK (Thr202/Tyr204; 1:1,000, #9101, Cell Signaling
Technology), total-ERK (1:2,000, #4696, Cell Signaling Technol-
ogy), phosphorylated-Akt (Ser473; 1:1,000, #9271, Cell Signaling
Technology), total-Akt (1:1,000, #9272, Cell Signaling Technol-
ogy), cleaved caspase-3 (1:500, #9664, Cell Signaling Technolo-
gy), b-tubulin (1:100, Clone E7, developed by Michael
Klymkowsky was obtained from the Developmental Studies
Hybridoma Bank), and actin (1:800, JLA20, developed by J.J.-
C. Lin was obtained from the Developmental Studies Hybridoma
Bank, IowaCity, IA) in TBSwith 5%nonfatmilk and 0.1%Tween-
20 with gentle agitation overnight at 4�C. HRP-conjugated sec-
ondary antibodies (1:5,000 dilution) were incubated in TBS with
5% nonfat milk and 0.1% Tween-20 with gentle agitation for 1
hour at room temperature. Pierce ECLWestern Blotting Substrate
(Thermo Scientific) was added to the membranes and then
exposed to ECL-sensitive X-ray film (Phenix Research Products).
The films were developed and then digitally scanned. Quantifi-
cation of bands was analyzed with ImageJ and figures were
assembled using Adobe Illustrator.

14C-choline incorporation into lipid
Cells were seeded in 24-well plates at 7 � 104 cells per well.

After 24 hours, the cells were treated with vehicle (empty NPs) or
NanoOrl (50 mmol/L) for 24 hours. Cells were pulsed with 1 mCi
[methyl-14C]choline chloride (ARC0208,AmericanRadiolabeled
Chemicals, Inc.) for 2 hours to label newly synthesized lipid. Cells
were then washed with PBS and lysed in hypotonic buffer
(1 mmol/L dithiothreitol (DTT), 1 mmol/L ethylenediaminete-
traacetic acid (EDTA), 20 mmol/L Tris, pH 7.5) for 30 minutes at
room temperature. Lipids were extracted with chloroform:meth-
anol (2:1 v/v). 14C-Choline incorporation was quantified by
scintillation counting. Results were normalized to protein con-
centration as determined by Lowry assay.

Multidrug resistance assay
The activity ofMDR1 in cellswas characterizedwith theVybrant

Multidrug Resistance Assay Kit (V-13180, Molecular Probes),

which evaluates the fluorescence of calcein-acetoxymethyl ester
(AM) accumulation in the cells. Briefly, cells were seeded in
96-well plates overnight, then treated with orlistat, NanoOrl,
empty nanoparticles, or the MDR1 inhibitor verapamil as a
control. After indicated treatment times, the cells were incubated
in calcein AM (final concentration of 0.25 mmol/L) for 30 min-
utes. The cells were washed three times with PBS and the cell
fluorescence was measured with a Synergy HTX Multi-Mode
Reader (BioTek) equipped with 485/20 nm and 528/20 nm
excitation and emission filters, respectively.

Immunofluorescence microscopy
Cells were seeded (1 � 104 per well) in 96-well, black-walled,

clear bottom plates in 200 mL of media overnight. Cells were
treated as specified for 2.5 hours, then were fixed in 150 mL of ice-
cold methanol for 10 minutes. The methanol was removed and
150 mL ofwash buffer (0.15%Triton X-100 in PBS)was dispensed
for 10 minutes and then removed. One-hundred microliters of
blocking solution (1% BSA, 0.1% Tween in PBS) was dispensed
and incubated for 30 minutes at room temperature. Fifty micro-
liters of anti-detyrosinated tubulin (MilliporeAb3201) at 1:100 in
blocking solution was incubated for 1 hour at room temperature.
Wells were washed 3 times with 100 mL of wash buffer, each time
for 3 minutes, and then incubated with 75 mL of FITC-conjugated
anti-rabbit secondary antibody (Millipore AP132F) at 1:100 in
blocking solution for 1 hour at room temperature. Wells were
again washed 3 times with 100 mL of wash buffer, each time for 3
minutes. The nuclear stain DAPI, diluted in ultrapure water, was
added and left for 5 minutes before aspirating, followed by
washing for 3 times with 100 mL of ultra-pure water, each time
for 3 minutes. Finally, 200 mL of PBS was added to each well.
Images were taken on an Olympus IX73 inverted microscope.
Images were analyzed with ImageJ (NIH) using identical proces-
sing parameters.

Results
TxR prostate cancer cells have increased lipid synthesis

Immunoblot detection demonstrates that PC3-TxR cells had
similar levels of FASN protein expression, whereas DU145-TxR
had marginally decreased FASN, compared with parent lines
(Fig. 1A). Functionally, TxR cells incorporated 14C-choline into
lipid at a higher level than parental cells, with PC3-TxR having
300% higher lipid synthesis than PC3 parental cells and DU145-
TxR cells having 50% higher lipid synthesis than DU145 parental
cells (Fig. 1B). Choline can be converted to phosphatidylcholine,
the predominant phospholipid (>50%) in most mammalian
membranes (41) and phosphatidylcholine synthesis requires
FASN-generated fatty acids. Importantly, treatmentwithNanoOrl
significantly lowered 14C-choline incorporation into lipid in all
four cell lines. Although NanoOrl treatment reduced 14C-choline
incorporationby2.9-fold inPC3 cells, itwasdecreased by6.4-fold
in PC3-TxR cells. Similarly, 14C-choline incorporation was
reduced by 3.3-fold inDU145 cells, andwas decreased by 5.5-fold
in DU145-TxR cells.

Confirmation of taxane resistance and sensitivity of TxR cells to
NanoOrl

Resistance to paclitaxel and docetaxel was confirmed, with
PC3-TxR cells 153-fold more resistant to paclitaxel and 108-
fold more resistant to docetaxel compared with parent PC3 cells
(Fig. 1C and D; Table 1). DU145-TxR cells were 500-fold and
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337-fold more resistant to paclitaxel and docetaxel, respective-
ly, compared with parent DU145 cells (Fig. 1C and D; Table 1).
PC3-TxR and DU145-TxR cells were 12-fold and 39-fold more
resistant to the second-generation taxane cabazitaxel, respec-
tively, compared with parent cells (Fig. 1E; Table 1). Interest-
ingly, PC3-TxR cells were 1.5-fold and 2.3-fold more sensitive

to free orlistat and NanoOrl, respectively, whereas DU145-TxR
were 1.3-fold more sensitive to NanoOrl (Fig. 1F and G; Table
1). Treatment of cells with the empty HA-PBA nanoparticles
(992 mg/mL), which is the equivalent concentration to the
highest NanoOrl concentration, did not have marked effect on
cell viability (Fig. 1H).

Figure 1.

Confirmation of taxane resistance and sensitivity to orlistat and NanoOrl. A, Protein expression was assessed with immunoblot of whole-cell protein lysates.
Quantification of b-tubulin levels is provided relative to parent cells.B,Cellswere treatedwith emptyNPs orNanoOrl (50mmol/L) for 24 hours. Cellswere pulsedwith
1mCi [methyl-14C]choline chloride for 2 hours and 14C-Choline incorporation into lipids was quantified by scintillation counting and normalized to protein
concentration. Values are expressed as mean� SD of three separate experiments. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001; as determined by ANOVA
with the Tukey method for multiple comparison. C–H, Parent PC3 and DU145 or taxane-resistant PC3-TxR and DU145-TxR cells were treated with indicated
concentrations of taxanes [paclitaxel (C), docetaxel (D), or cabazitaxel (E)], orlistat (F), NanoOrl (G), or empty nanoparticles (H). N ¼ 6 technical replicates per
treatment. After 72 hours, cell viability was assessed with the CCK-8 assay. Cell viability data were normalized to untreated control wells on each plate.

Table 1. IC50 values of PC3, PC3-TxR, DU145, and DU145-TxR cellsa

Drug PC3 PC3-TxR Fold resistanceb DU145 DU145-TxR Fold resistanceb

Paclitaxel (nmol/L) 6.14 � 0.91 941 � 73 153 4.88 � 0.47 2,438 � 309 500
Docetaxel (nmol/L) 3.56 � 0.36 383 � 54 108 2.71 � 0.25 912 � 95 337
Cabazitaxel (nmol/L) 1.19 � 0.13 14.8 � 1.1 12 0.79 � 0.29 30.4 � 2.8 39
Orlistat (mmol/L) 30 � 5.3 20 � 6.1 0.67 46 � 7.7 42 � 9.5 0.92
NanoOrl (mmol/L) 37 � 8.6 16 � 2.6 0.43 51 � 6.6 39 � 3.7 0.77
aCells were treated for 72 hours, and cell viability was assessed with the CCK-8 assay (Dojindo). Table shows the mean IC50 � SD of at least two independent
experiments.
bFold resistance is the ratio of the IC50 value in TxR cells relative to parental cells for the same drug. "NanoOrl (mmol/L)" represents the equivalent concentration of
orlistat and not the concentration of the nanoparticles.
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NanoOrl synergizes with taxanes in TxR prostate cancer cells
Because FASN inhibitors can sensitize tumor cells to various

chemotherapeutics, including taxanes, the potential for synergy
between taxanes and orlistat or NanoOrl was performed in TxR
lines. Calculating the half maximal inhibitory concentration
(IC50) of cell viability of each taxane at different NanoOrl con-
centrations, the IC50 was independent of NanoOrl concentration
in parent cells (Fig. 2). For example, the IC50 for paclitaxel,
docetaxel, and cabazitaxel in PC3 cells was 6.1, 3.6, and
1.2 nmol/L, and decreased slightly to 4.4, 2.2, and 0.63 nmol/L
with 25 mmol/L NanoOrl treatment, respectively. For DU145
cells, the IC50 for paclitaxel, docetaxel, and cabazitaxel was 4.9,
2.7, and 0.79 nmol/L and decreased to 3.9, 1.9, and 0.41 nmol/L
with 25 mmol/L NanoOrl treatment, respectively. Conversely, the
IC50 for each taxane decreased markedly with increasing concen-
tration ofNanoOrl in TxR cells (Fig. 2). For example, the paclitaxel
IC50 in PC3-TxR cells decreased 19-fold, decreasing from
0.94 mmol/L to 50 nmol/L with 25 mmol/L NanoOrl treatment.
The docetaxel IC50 in PC3-TxR cells decreased 13-fold from380 to
25 nmol/L with 12.5 mmol/L NanoOrl treatment, and the caba-
zitaxel IC50 in PC3-TxR cells decreased 12-fold from 15 to
1.2 nmol/L with 25 mmol/L NanoOrl treatment, which is
approaching the IC50 of the parent line. Similarly, for DU145-TxR
cells, the IC50 for paclitaxel, docetaxel, and cabazitaxel was
2.4 mmol/L, 0.91 mmol/L, and 30 nmol/L and decreased to
0.8 mmol/L, 0.15 mmol/L, and 10 nmol/L with 25 mmol/L
NanoOrl treatment, respectively. Shifts to the left (decreasing
IC50) in the dose–response curves were clearly visible for TxR
cells, but not for parent cells (Supplementary Fig. S1).

The synergy of drug combinations using data from the cell
viability assays was first analyzed using Combenefit (39). The
contour plot of synergy/antagonism with the Bliss model is
shown in Fig. 3, whereas the Loewe and HSA are shown in
Supplementary Figs. S2 and S3. These plots indicate strong
synergy between orlistat and NanoOrl with all three taxanes in
the PC3-TxR and DU145-TxR cells, whereas additive scores were
seen in parental PC3 or DU145 cells (Fig. 3A). Synergy scores (the
difference between the predicted additivity and the observed
viability, with positive scores being synergistic and negative scores

antagonistic) for the Blissmodel reachedover 50 in areas in allfive
different combinations in PC3-TxR cells, and were over 25 for
DU145-TxR. For example, PC3-TxR cells had 81.6% viability
when treated for 72 hours with 200 nmol/L docetaxel (relative
to untreated control), 75.6% viability when treated with
6.25 mmol/L NanoOrl, and 6.0% viability when treated with the
combination of 200 nmol/L docetaxel plus 6.25 mmol/L
NanoOrl. Using the Bliss model, the predicted additive viability
is 61.8%. Thus, the synergy score was calculated to be 61.8 – 6 ¼
55.8 (Fig. 3B). In contrast, the synergy score for PC3 cells treated
with combinationof 1nmol/L docetaxel plus 25mmol/LNanoOrl
had a low synergy score of 5.5 (Fig. 3C). Similar trends in
synergism were seen with the Loewe and HSA models, although
synergy scores were lower for the most stringent Loewe model,
and higher for the least stringent HSAmodel (Supplementary Fig.
S2 and S3, respectively).

CompuSyn (Chou–Talalay model; ref. 40) results showed that
a higher percentage of combinations of orlistat or NanoOrl plus
taxanes were synergistic (CI<1) in the TxR cells (67%–98% for
PC3-TxR and 67%–83% for DU145-TxR) compared with the
parent lines, demonstrating that this software also shows synergy
in TxR cells (Fig. 3D). The parent cells had a small majority of
combinations with CI<1 (55%–69% for PC3 and 60%–71% for
DU145), but most combinations were close to additive. For
comparison, the examples given above of PC3-TxR cells treated
with the combination of 200 nmol/L docetaxel plus 6.25 mmol/L
NanoOrl had strong synergism (CI ¼ 0.21), whereas PC3 cells
treated with the combination of 1 nmol/L docetaxel plus
25 mmol/L NanoOrl had slight synergism (CI ¼ 0.87).

NanoOrl plus docetaxel combination induces apoptosis
Apoptosis of TxR cells was assessed by Annexin V-FITC and

propidium iodide staining with flow cytometry using doses of
orlistat or NanoOrl with docetaxel that had high synergy score
from the synergy analyses. We observed that the combination
treatments had significantly higher apoptosis than either treat-
ment alone (P < 0.0001). In PC3-TxR cells, single treatment with
orlistat or NanoOrl (12.5 mmol/L), or docetaxel (200 nmol/L) did
not significantly increase the percentage of early apoptotic

Figure 2.

Nano-Orlistat decreases IC50 of taxanes in taxane-resistant prostate cancer cells. Parent PC3 and DU145 or taxane-resistant PC3-TxR and DU145-TxR cells were
treated with combinations of 8 concentrations of paclitaxel (A), docetaxel (B), and cabazitaxel (C) with 7 concentrations of NanoOrl. N ¼ 6 replicates per
combination. After 72 hours, cell viability was assessed with the CCK-8 assay. Each dot represents the calculated IC50 value of the indicated taxane as a
function of NanoOrl concentration, with the error bars representing the 95% confidence interval. Some error bars are not visible due to the small range of
95% confidence interval.
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(Annexin Vþ/PI�; Fig. 4A and C) or late apoptotic/necrotic
(Annexin Vþ/PIþ; Fig. 4A and D) cells over basal levels. On the
other hand, a 24 hours treatment with either combination of
orlistat plus docetaxel, or NanoOrl plus docetaxel, significantly
increased the percentage of both early and late apoptotic/necrotic
cells, with total Annexin Vþ levels reaching 43% and 53%,
respectively. The percentage of apoptotic cells in DU145-TxR cells
was also significantly increased compared with single drug treat-
ment, butwas not as robust as PC3-TxR cells. The total AnnexinVþ

levels reach 20% and 19% after a 48 hours treatment with a
combination of orlistat (12.5 mmol/L) plus docetaxel
(500 nmol/L), or NanoOrl (12.5 mmol/L) plus docetaxel
(500 nmol/L), respectively (Fig. 4B, E, and F). The morphology
of the cells treated with sub-IC50 concentrations of either doc-
etaxel, NanoOrl, or orlistat alone appeared similar to untreated
cells.However, in the combination treatment,many cells could be
seendetached from theplastic or roundedupand loosely attached
to the plastic (Supplementary Fig. S4).

Cell death was also assessed by Trypan blue assay. A significant
3-fold increase in the percentage of Trypan blue–positive cells was
seen in PC3-TxR cells treated with the combination of docetaxel
(200 nmol/L) and NanoOrl (12.5 mmol/L; Fig. 4G), whereas a
2-fold increase was seen inDU145-TxR cells treatedwith the same
combination (Fig. 4H). Apoptotic signalingwas also confirmed in
PC3-TxR cells, with levels of cleaved PARP and cleaved caspase-3
detectable only in the combination treatment (Fig. 4I). On the
other hand, cleaved PARP and cleaved caspase-3 were not detect-
able in DU145-TxR cells treated with docetaxel (200 nmol/L) and
NanoOrl (12.5 mmol/L; Fig. 4J), suggesting that death occurred
through a noncanonical mechanism. Thus, it appears that the
combination treatments effectively kill cells through multiple
mechanisms.

Although phosphorylation of ERK 1/2 and subsequent activa-
tion of downstream targets is often associated with cell survival,
activationof this pathway is also implicated in apoptotic signaling
(42–44).Western blot analysis of PC3-TxR cells showed increased
phosphorylated ERK 1/2 (Thr202/Tyr204) in response to
NanoOrl treatment and combination NanoOrl/Docetaxel treat-
ment (Fig. 4I). Because increased phosphorylated ERK 1/2 is seen
in response to both a treatment that did result in increased cell
death and a treatment that did not result in increased cell death, it
seems that the apoptosis seen with combination treatment in the
PC3-TxR cells is achieved in an ERK 1/2–independent manner.
Moreover, although DU145-TxR cells seem to express more
phosphorylated ERK 1/2 than PC3-TxR cells (Fig. 4I and J), a
similar level of phosphorylated ERK 1/2 is seen across treatment
conditions with no notable change with combination NanoOrl/
Docetaxel treatment, yet resulted in an increased percentage of
cells positive for Trypan blue (Fig. 4H). This further suggests that

cell survival or cell death in these experiments is achieved regard-
less of ERK 1/2 activation. No effect was seen in phosphorylated-
Akt (Ser473) levels across treatment conditions (Fig. 4I and J).

Orlistat and NanoOrl do not affect MDR1 activity in TxR
prostate cancer cells

Because MDR1 is associated with the TxR phenotype of these
cells, we tested whether orlistat or NanoOrl affected MDR1
activity. We confirmed that both PC3-TxR and DU145-TxR cells
had increased MDR1 expression by Western blot analysis
(Fig. 1A). Calcein AM efflux assays confirmed that MDR1 activity
was elevated (i.e., lower cell fluorescence) in TxR cells relative to
the parent lines; however, MDR1 activity was not affected by
orlistat or NanoOrl treatment at concentrations up to 50 mmol/L
in either TxR cell line, or by emptyNPs (Fig. 5A and B). TheMDR1
inhibitor, verapamil, was used as a positive control.

Combination of NanoOrl and docetaxel stabilizes
microtubules in TxR cells

The PC3-TxR and DU145-TxR cells overexpress several b-tubu-
lin isoforms (11, 45). We observed that DU145-TxR cells had
1.78-fold increased expression of total b-tubulin (Fig. 1A). We
next wanted to determine whether the combination of NanoOrl
and docetaxel functionally affectedmicrotubule stability. Intrigu-
ingly, immunoblot of whole-cell lysates with an anti-detyrosi-
nated a-tubulin (also known as glu-tubulin) antibody, a marker
of stabilized microtubules (46–48), demonstrated that the com-
bination of NanoOrl and docetaxel increased microtubule sta-
bility in PC3-TxR and in DU145-TxR cells above that seen with
docetaxel alone (Fig. 5C and D). The ratio of detyrosinated-
tubulin to alpha-tubulin was nearly 2-fold higher in PC3-TxR
cells and 2.7- to 4-fold higher in DU145-TxR cells treated with the
combination compared with docetaxel alone. Furthermore,
immunofluorescent staining with the anti-detyrosinated a-tubu-
lin antibody demonstrated that docetaxel increased microtubule
stability in PC3 cells as expected (Supplementary Fig. S5A). The
level of detyrosinated tubulinwere drastically reduced in PC3-TxR
cells compared with PC3 cells when treated with docetaxel alone
(Fig. 5E and F, quantified in Fig. 5H and I). Microtubule stability
in PC3-TxR cells was increased by the combination of NanoOrl
and docetaxel above that seen with docetaxel alone (P <
0.0001; Fig. 5F and G, quantified in Fig. 5I), although not to the
level seen in PC3 cells treated with docetaxel (Fig. 5E and H). On
the other hand, the combination of NanoOrl with docetaxel did
not enhance docetaxel-induced microtubule stability in PC3 cells
(Fig. 5H; Supplementary Fig. S5A). Increased microtubule stabil-
itywas not observedwhenusingNanoOrl alone up to100mmol/L
(Supplementary Fig. S5B). These results suggest that the synergy

Figure 3.
Combinations of orlistat or NanoOrl with taxanes are additive in parent cells, and synergistic in TxR cells. A, Cells were treated as in Fig. 2 with the indicated
concentrations (taxane concentration above the x-axis, orlistat or NanoOrl concentration along the y-axis) and assessed with CCK-8 assay. Cell viability data
were normalized to untreated control wells on each plate. Synergy was analyzed using Combenefit software. Results show the "Contour" view of synergy/
antagonism calculations of synergy scores (the difference between the predicted additivity and the observed viability) for the Bliss model. Significant synergy
is denoted by dark blue areas, and areas with synergy scores above 25 and 50 are marked. Bar graphs show two examples of the observed single agent and
combination relative viability (dark bars), and the predicted additivity (checkered bar) from the Bliss model for PC3-TxR (B) and PC3 cells (C). D, Cells were
treated as in Figs. 2 and 3A, and synergy of the normalized data was analyzed using CompuSyn software. Results show synergy/antagonism plotted as the Log
(combination index) [Log(CI)] on the y-axis versus the Fraction affected (Fa) on the x-axis. Combinations with CI value <1 are synergistic and are plotted
below the horizontal line, combinations with CI¼1 are additive and are plotted on or near the horizontal line, and combinations with CI > 1 indicates antagonism and
are plotted above the horizontal line. The percentage of combinations with CI < 1 for each cell line treated with the indicated drugs are marked with "� ."
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Figure 4.

Combination of orlistat or NanoOrl plus docetaxel induces apoptosis. PC3-TxR (A) and DU145-TxR cells (B) were treated as indicated and stained with
AnnexinV-FITC and Propidium Iodide (PI) using FITC Annexin V Apoptosis Detection Kit I (BD Biosciences), and quantified with flow cytometry.
Representative scatter plots from each treatment are shown. C–F, The percentage of early apoptotic (Annexin Vþ/PI�; C and E), and late apoptotic/necrotic
(Annexin Vþ/PIþ;D and F) cells are quantified (n¼ 3 technical replicates). Values are expressed asmean� SD. � , P <0.05; ��, P <0.01; ��� , P <0.001; ���� , P <0.0001;
as determined by ANOVA with the Tukey's method for multiple comparison. PC3-TxR cells (G) treated for 24 hours and DU145-TxR cells (H) treated for 48 hours
with indicated treatments were counted in a hemocytometer by Trypan blue exclusion using an Invitrogen CountessTM Automated Cell Counter. Values are
expressed as mean � SD. P values determined by a two-tailed Student t test. � , P � 0.05. PC3-TxR (I) and DU145-TxR (J) cells were treated as indicated.
Expression of the indicated proteins was analyzed by immunoblot.
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Figure 5.

NanoOrl does not affect MDR1 activity, and
combination of NanoOrl plus docetaxel stabilizes
microtubules in TxR cells. MDR1 activity was
assessed in cells with the Vybrant Multidrug
Resistance Assay Kit (Thermo Fisher) after 30
minutes (A) or 4 hours (B) of treatment with the
indicated concentrations of orlistat orNanoOrl. Cells
were also treated with empty nanoparticles (empty
NPs, 0.124 mg/mL) or verapamil (50 mmol/L), an
MDR1 inhibitor, whichwas used as a positive control.
After washing with PBS, the cell fluorescence was
measured with a plate reader. Values are expressed
as mean� SD of n¼ 3 technical replicates. PC3-TxR
(C) or DU145-TxR cells (D) were treated as
indicated. After washing with PBS, whole cell
protein lysates were collected in RIPA buffer,
quantified, and protein expression was assessed
with immunoblot. deTyr-Tubulin ¼ detyrosinated
alpha tubulin (a.k.a. Glu-tubulin). The same lysates
were run on a separate gel and probed with an
antibody against a-Tubulin to check equal loading.
The ratio of deTyr-Tubulin to a-Tubulin is given
relative to combination treatment. PC3 (E) or PC3-
TxR cells (F and G) were treated with 200 nmol/L
docetaxel (Doc), 12.5 mmol/L NanoOrl, or the
combination as indicated for 2.5 hours. Cells were
stained with anti-detyrosinated tubulin antibody
(green), a marker of stabilized microtubules, and
DAPI (blue); scale bar, 20mm.H and I,Quantification
of the mean fluorescence intensity per cell � SD of
10 areas from 2 separate wells is shown below. � ,
P < 0.05; �� , P < 0.01; ��� , P < 0.001, ����P < 0.0001;
as determined by ANOVA with Tukey method for
multiple comparison.
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betweenNanoOrl and taxanes in TxR cellsmay be linked to effects
on microtubule stability.

Discussion
In this study, taxane resistance was overcome with orlistat, an

off-the-shelf, FDA-approved pharmaceutical, and with a recently
reported nanoparticle formulation of orlistat, NanoOrl (37). The
combination of orlistat or NanoOrl with taxanes showed robust
synergy with four models (from two separate software packages)
of synergy analysis. Although the FASN inhibitors cerulenin, C75,
or C93 have been reported to enhance taxane sensitivity in
resistant cancer cells (22–24), this study is the first, to our
knowledge, to show that orlistat synergizes with taxanes in cancer
cells. Treatment with NanoOrl overcame resistance to first-gen-
eration taxanes, including docetaxel, which is approved as first-
line therapy in mCRPC, and to the second-generation taxane,
cabazitaxel. Cabazitaxel is designed to have low affinity for
MDR1.We expected TxR cells to have the same IC50 of cabazitaxel
as parent cells. However, the TxR cells were still one order of
magnitude more resistant to cabazitaxel compared with parent
cells (Table 1), suggesting that other mechanisms of taxane
resistance besides MDR1 activity exist in these cells. Given that
NanoOrl did not affect MDR1 activity (Fig. 5A and B) and that
synergy still occurred with a taxane that can evade MDR1 related
efflux, our data suggest that synergybetweenorlistat and taxanes is
independent of MDR1 function. Instead, the synergy reported
here is associatedwith increasedmicrotubule stability (Fig. 5C–I),
suggesting a potential new mechanism to overcome this drug
resistance.

Although it remains unclear how microtubule stability is
increased by the combination of NanoOrl and docetaxel in TxR
cells, several studies from the literature point to potential molec-
ular mechanisms. A recent report using a clickable-analogue of
orlistat showed that the analog does bind to b-tubulin, but this
study did not show the functional consequence of this binding
(49). Consequently, we hypothesized that beyond its ability to
inhibit FASN, orlistat may also directly affect microtubule stabil-
ity. However, we did not observe increased microtubule stability
in our immunoblot (Fig. 5C and D) or immunofluorescence
analyses using doses of NanoOrl up to 100 mmol/L (Supplemen-
tary Fig. S5B). Tubulin is also posttranslationally modified with
palmitate, and palmitoylated-tubulin is found alongmicrotubule
tracks and also partially associated with the plasma membrane
(50). Interestingly, it has been reported that FASN is required for
palmitoylation of specific targets in cancer (51, 52). Thus, the
inhibition of FASN and palmitate production by orlistat and
NanoOrl may affect posttranslational modification of tubulin,
and thus affect microtubule stability. A recent article using the
FASN inhibitors TVB-3166 and TVB-3664 showed that FASN
inhibition reduced tubulin palmitoylation and disrupted micro-
tubule organization in tumor cells (53). The authors showed
that FASN inhibition combined with taxane treatment enhances
inhibition of in vitro tumor cell growth. The authors also showed
that FASN inhibition does not affect intracellular paclitaxel con-
centrations, although these studies were not examined in TxR
cells. We hypothesize that orlistat and NanoOrl could similarly
reduce tubulin palmitoylation and may disrupt microtubule
organization, but our data show that orlistat and NanoOrl alone
do not affect microtubule stability, using detyrosinated tubulin
levels as a biomarker for stabilized microtubules. This suggests

that FASN inhibition alone may disrupt the localization of tubu-
lin and disrupt microtubule organization, but may not stabilize
microtubules.

The increased activity of the fatty acid synthesis pathway in TxR
cells could also provide additionalmechanistic insights. Both TxR
lines had significantly increased incorporation of 14C-choline into
lipids, whereas DU145-TxR cells had a smaller increase compared
with the PC3-TxR line (Fig. 1B). This difference may explain why
PC3-TxR cells have increased sensitivity to orlistat and NanoOrl
relative to the DU145-TxR cells (Table 1; Fig. 1F and G), and may
explain why the level of synergy in viability studies (Fig. 3A) and
the percentage of apoptotic cells in DU145-TxR cells upon com-
bination treatment was not as robust as PC3-TxR cells (Fig. 4A–F).
Overall, both TxR cell lines had increased fatty acid synthesis
compared with parental cell lines and fatty acid synthesis was
more robustly inhibited by NanoOrl treatment in the TxR cells
comparedwith parent cells (Fig. 1B). This suggests that the level of
synergy was related to increased lipid synthesis.

It should be noted that the Combenefit software gave awarning
in a few of our analyses for low goodness of fit for single-agent
dose–response curves. Decreased goodness of fit could be due to a
dose–response that could not be fit by the traditional Hill model,
which is used to fit single-agent data values to calculate synergy.
For example, overestimation of synergy was observed in PC3-TxR
cells with select combinations of orlistat and paclitaxel (Supple-
mentary Fig. S6), whereas an underestimation of synergy was
observed in DU145-TxR cells with select combinations of
NanoOrl and cabazitaxel (Supplementary Fig. S7). Nevertheless,
individual calculations (thus, not reliant on fitting with the Hill
model) still result in a highly synergistic interaction (Supplemen-
tary Fig. S6).

Nanoparticle formulations of orlistat show promise for
improved cytotoxicity and delivery to tumors as demonstrated
by us (37) and others (54–56). Paulmurugan and colleagues (54)
showed a 70% tumor volume reduction in MDA-MB-231 xeno-
grafts using folate receptor-targeted, 2-hydroxyethylacrylate and
2-ethylhexylacrylate–based copolymer micellar nanoparticles.
Preclinical in vivo studies have shown antitumor efficacy of orlistat
treatment with nearly a 3 order of magnitude range of total dose
administered, from two doses of 2 mg/kg BW orlistat to 240 mg/
kg/d for 3 weeks (32, 35, 36, 54). Therefore, a systematic deter-
mination of efficacious in vivo dose is needed for NanoOrl used
alone or in combination with taxanes. Besides taxanes, nanopar-
ticle formulations of orlistat may be used in combination with
other chemotherapy classes, as inhibition of FASN can sensitize
pancreatic or breast cancer cells to gemcitabine or 5-fluorouracil
(57, 58). Nanoparticle formulations of orlistat may also be used
with radiation, as others have shown that inhibition of FASN can
sensitize head and neck squamous or prostate cancer cells to
radiation (59, 60). Given the strong synergy between NanoOrl
and taxanes in TxR prostate cancer cells, our data warrant the
further evaluationofNanoOrl for cancer therapy either alone or in
combination with taxanes.
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