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Abstract: There is no effective clinical therapy for triple-negative breast cancers (TNBCs),
which have high low-density lipoprotein (LDL) requirements and express relatively high levels
of LDL receptors (LDLRs) on their membranes. In our previous study, a novel lipid emulsion
based on a paclitaxel—cholesterol complex (PTX-CH Emul) was developed, which exhibited
improved safety and efficacy for the treatment of TNBC. To date, however, the cellular uptake
mechanism and intracellular trafficking of PTX-CH Emul have not been investigated. In order
to offer powerful proof for the therapeutic effects of PTX-CH Emul, we systematically studied
the cellular uptake mechanism and intracellular trafficking of PTX-CH Emul and made a com-
parative evaluation of antineoplastic effects on TNBC (MDA-MB-231) and non-TNBC (MCF7)
cell lines through in vitro and in vivo experiments. The in vitro antineoplastic effects and in
vivo tumor-targeting efficiency of PTX-CH Emul were significantly more enhanced in MDA-
MB-231-based models than those in MCF7-based models, which was associated with the more
abundant expression profile of LDLR in MDA-MB-231 cells. The results of the cellular uptake
mechanism indicated that PTX-CH Emul was internalized into breast cancer cells through the
LDLR-mediated internalization pathway via clathrin-coated pits, localized in lysosomes, and
then released into the cytoplasm, which was consistent with the internalization pathway and
intracellular trafficking of native LDL. The findings of this paper further confirm the therapeutic
potential of PTX-CH Emul in clinical applications involving TNBC therapy.

Keywords: paclitaxel, lipid emulsion, triple-negative breast cancers, low-density lipoprotein,
tumor targeting

Introduction

Breast cancer (BC) has a high incidence and is the most frequently diagnosed cancer,
ranking the second-leading cause of cancer death in women.'? Triple-negative BC
(TNBC) accounts for about 12%—17% of breast cancer cases, and is characterized by
alack of HER2, estrogen receptor (ER), and progesterone receptor (PR).>* Compared
with hormonal receptor-positive and HER2-positive BC, TNBC is more aggres-
sive and associated with a worse prognosis, as well as a higher risk of relapse and
metastasis and shorter survival time.*> Due to lacking both hormone receptors and
HER?2 expression, TNBC is not susceptible to endocrine therapy or HER2-targeted
therapy. The only modality of systemic therapy available for TNBC is chemotherapy
with anthracyclines and taxanes,>® providing limited options with unavoidable side
effects. It is critical to improve the therapies, since the median survival time is only
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13.3 months for patients with metastatic TNBC. Virtually all
patients with metastatic TNBC ultimately die of the disease,
despite receiving systemic treatment.”!° Therefore, there is a
tremendous incentive to refine existing treatment modalities
to treat clinically intractable cancers more effectively.

Low density lipoprotein receptor (LDLR), a member of
the LDLR family, is overexpressed in various cancer cells,'!
including BC,"? but is expressed at low levels in normal cells."?
Therefore, LDLR is a potential receptor target for selective
delivery of antineoplastic agents to BC. Interestingly, the
expression profile of LDLR is dissimilar across different
subtypes of BC. Compared with MCF7 cells (ER-positive),
LDLR messenger RNA abundance is three- to fivefold higher
in MDA-MB-231 cells (TNBC), and MDA-MB-231 cells
exhibit high capacity and high affinity binding of LDL in com-
parison with MCF7 cells.'>!* LDL accelerates the proliferation
of MDA-MB-231 cells, but has little effect on the proliferation
of MCF7 cells, which can be attributed to the ability of TNBC
cells to take up, store, and utilize exogenous cholesterol (CH;
mainly LDL-CH) mediated by LDLR." Increased expression
of LDLR in TNBC cells is consistent with the aggressive
and metastatic nature of TNBC.'® These findings show the
potential of LDLR as a targeting receptor for the design of
TNBC-targeted chemotherapy-delivery systems. Although
many studies have exploited LDLR as a target for tumor
diagnosis and treatment of diverse types of cancer, including
brain glioma, liver cancer, lung cancer, prostate cancer, and
colorectal cancer,'*!'”? few have extensively explored LDLR
as a potential receptor for targeted therapy of TNBC.

Over the last decade, several studies reported the utility
of a CH-rich emulsion termed “LDE” to deliver therapeutic
agents to cancers. LDE, consisting of a cholesteryl ester
core coated with a monolayer of phospholipids, resembles
the LDL lipid-portion structure and has the ability to bind
to LDLR on the cancer cell surface.?'?* Although LDE has
been confirmed with tumor-targeting effects mediated by
LDLR and shows good drug-loading capacity of paclitaxel
(PTX), it is stable for only 8 days at 4°C.?! The instabil-
ity of LDE-PTX, which might be attributable to the poor
lipophilicity of PTX,* makes it less promising for clinical
application. Alternatively, a novel lipid emulsion, which
was composed of a PTX-CH complex surrounded by a phos-
pholipid monolayer, was developed in our previous work
(Figure 1).% Compared with the tumor-targeting LDE-PTX
loaded with PTX and cholesteryl ester reported previously,
substitution of the PTX-CH complex for PTX and cholesteryl
ester of LDE-PTX has the following advantages: the PTX-CH
complex not only greatly improves PTX solubility in the oil
phase but can also function as a component of LDL-CH.*’

&/ Paclitaxel

}V/Z Paclitaxel-cholesterol

T Cholesterol o?a\f" complex

I Phospholipid

Figure | A schematic representation of lipid emulsion loaded with the paclitaxel—
cholesterol complex.

The resulting lipid emulsion (PTX-CH Emul) exhibits an
ideal particle size, high drug-loading capability, high drug-
encapsulation efficiency, and excellent stability (12 months at
6°C).% Furthermore, PTX-CH Emul shows superior in vitro
antitumor efficacy, higher specificity and efficiency in intra-
tumoral accumulation, better safety profiles, and superior
antitumor efficacy in vivo against TNBC compared to the
conventional PTX Emul and Taxol.”’

Although PTX-CH Emul shows great potential as a drug car-
rier for PTX in clinical applications involving TNBC therapy,?6?’
intracellular trafficking and its underlying mechanisms have not
been investigated. In order to improve the therapeutic potential of
PTX-CH Emul for the treatment of TNBC further, it is important
to make a comparative evaluation of the antineoplastic effects
of PTX-CH Emul on TNBC and non-TNBC cells. Therefore,
the aim of the present study was to elucidate the cellular uptake
mechanism and intracellular trafficking of PTX-CH Emul and
comparatively evaluate its antineoplastic effects on TNBC and
non-TNBC cells. The results of our research provide valuable
evidence, which supports the development of PTX-CH Emul
for targeted therapy of TNBC.

Materials and methods

Materials
PTX was purchased from Guilin Huiang Biopharmaceutical
Co Ltd (Guilin, People’s Republic of China). The Taxol

submit your manuscript

4126

Dove

International Journal of Nanomedicine 2016:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Effects of PTX-CH emulsion on TNBC

was a kind gift from Beijing Union Pharmaceutical Factory.
Cell Counting Kit (CCK)-8 and an annexin V—fluorescein
isothiocyanate apoptosis-detection kit were supplied by
Dojindo Laboratories (Tokyo, Japan). Fluorescein was
obtained from Sigma-Aldrich (St Louis, MO, USA).
DiR was obtained from AAT Bioquest Inc. (Sunnyvale,
CA, USA). Dil was purchased from Beyotime Institute
of Biotechnology (Haimen, People’s Republic of China).
A micro-bicinchoninic acid protein-assay kit was purchased
from Pierce Biotechnology Inc. (Rockford, IL, USA). LDL
and lipoprotein-deficient serum (LPDS) were purchased
from Xiesheng Biotechnology Company (Beijing, People’s
Republic of China).

Preparation of PTX-CH Emul

The PTX-CH complex, PTX-CH Emul, conventional PTX
Emul, fluorescein-labeled (FL)-PTX-CH Emul, FL-PTX
Emul, and DiR-PTX-CH Emul were prepared as previously
reported.?**’

Cell lines and cell culture

H9c¢2 (2-1), MDA-MB-231, and MCF7 were supplied by
the Cell Resource Center, Peking Union Medical College
(Beijing, People’s Republic of China). H9¢2 (2-1) and MCF7
cells were cultured in Dulbecco’s Modified Eagle’s Medium
supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 pg/mL streptomycin. MDA-MB-231
cells were cultured in Roswell Park Memorial Institute 1640
growth medium supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin. All cells were main-
tained at 37°C in a humidified chamber with 5% CO,.

Animals and human tumor xenografts
Female BALB/c nude mice (6—8 weeks old, 21-25 g) were
obtained from HFK Bioscience Company (Beijing, People’s
Republic of China). All animal protocols were approved by
the institutional animal care and use committee of Peking
Union Medical College. The experiments reported herein
were conducted according to the “Guide for the Care and
Use of Laboratory Animals” from the National Institutes
of Health (8th Edition). Female BALB/c nude mice were
inoculated subcutaneously in the right armpit with 0.2 mL
(2x10°) MDA-MB-231 or 0.2 mL (1x107) MCF7 cell suspen-
sion. The tumors were allowed to grow to a median size of
100 mm? before treatment was initiated.

LDLR-expression level
The LDLR-expression level in H9¢2 (2-1), MCF7, or
MDA-MB-231 cells was determined using an LDLR

enzyme-linked immunosorbent assay kit (Cusabio, Wuhan,
People’s Republic of China) according to a method described
previously.!

In vitro cellular uptake

MDA-MB-231 or MCF7 cells were seeded into six-well
chamber slides and incubated with FL-PTX-CH Emul for
4 hours, washed with phosphate-buffered saline (PBS), fixed
with 4% paraformaldehyde (PFA), stained with Hoechst
33258 (Thermo Fisher Scientific, Waltham, MA, USA),
and observed with confocal laser-scanning microscopy
(CLSM; FV1000; Olympus, Tokyo, Japan). Flow cytometry
(Accuri C6; BD Biosciences, San Jose, CA, USA) was used
to evaluate the intracellular uptake of FL-PTX-CH Emul in
MDA-MB-231 or MCF7 cells quantitatively.

To confirm further the potential of LDLR to mediate
the uptake of PTX-CH Emul, MDA-MB-231, or MCF7
cells, which were incubated for 24 hours in Roswell Park
Memorial Institute 1640 or Dulbecco’s Modified Eagle’s
Medium supplemented with 10% FBS or 10% LPDS, were
treated with FL-PTX-CH Emul and excess LDL (200 pig/mL)
individually or in combination, followed by CLSM or high-
performance liquid chromatography (Agilent Technologies,
Santa Clara, CA, USA) analysis.

In vitro cytotoxicity assay

The cytotoxicity of PTX-CH Emul in MDA-MB-231 or
MCFT7 cells was measured using the CCK-8 kit. Cells were
seeded in 96-well plates at a density of 2x10°* cells/well and
allowed to attach overnight. Afterward, cells were treated
with PTX-CH Emul at various concentrations of PTX. After
72 hours of incubation, viability was assessed using the
CCK-8 kit according to the manufacturer’s protocol.

In vitro cell-apoptosis assay

MDA-MB-231 or MCF7 cells were seeded in six-well plates
and incubated for 24 hours at 37°C. Next, cells were treated
for 24 hours with Taxol, PTX Emul, PTX-CH Emul, or
culture medium as a control treatment. Afterward, cells were
stained with Hoechst 33258 and examined under CLSM. For
quantitative analysis of apoptosis, cells were left untreated
or treated with various PTX formulations. After 24 hours
of treatment, cells were stained with annexin V—fluorescein
isothiocyanate and propidium iodide for 15 minutes and
analyzed using flow cytometry.

Tumor-spheroid penetration and growth
inhibition

Three-dimensional multicellular tumor spheroids of MDA-
MB-231 or MCF7 cells were developed using a liquid-overlay
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system.””? MDA-MB-231 or MCF7 cells (2x10° cells/well)
were seeded in a 96-well plate precoated with 50 UL agarose
(1.5%, w/v). After 7 days, separate groups of MDA-MB-231-
tumor spheroids were incubated with FL-dimethyl sulfoxide
(DMSO) solution, FL-PTX Emul, and FL-PTX-CH Emul
for 8 hours, rinsed with cold PBS thrice, and fixed with
4% PFA overnight at 4°C. The fluorescence intensity of
different depths of tumor spheroids was examined under
CLSM. In order to make a comparative evaluation of the
penetration efficiency of PTX-CH Emul in breast-tumor
spheroids, MDA-MB-231- or MCF7-tumor spheroids were
incubated with FL-PTX-CH Emul for 8 hours.

To investigate the growth inhibition of tumor spheroids,
MDA-MB-231- or MCF7-tumor spheroids were treated
with PTX-CH Emul (0.5 pg/mL) and the size of tumor
spheroids monitored with an inverted-phase microscope at
0, 1, 3, 5, and 7 days of treatment according to a method
described previously.?

In vivo tumor-targeting efficiency

To make a comparative evaluation of tumor-targeting
efficiency of PTX-CH Emul in MDA-MB-231 and MCF7
tumor-bearing nude mice, DiR-PTX-CH Emul (0.2 mg/kg)
was injected into the mice via the tail vein. Each group
had three mice. In vivo imaging was detected at different
time points (2, 4, 8, 12, and 24 hours) postinjection using
the In Vivo IVIS spectrum-imaging system (PerkinElmer,
Waltham, MA, USA). At 24 hours postinjection, the mice
were killed and the tumors and other major organs collected,
and ex vivo imaging was captured.

Cellular internalization mechanism and

intracellular fate

To investigate the intracellular uptake of the PTX and CH
components of PTX-CH Emul, MDA-MB-231 cells were
incubated with PTX-CH Emul doubly labeled with “C-CH
and *H-PTX at different PTX concentrations for 2 hours or at
10 ug/mL PTX concentration for different incubation times.
After incubation, cells were washed thrice with cold PBS.
NaOH (300 pL, 0.5 M) was added to the plates to disrupt
the cells before radioactivity measurement.

For binding assays, cells were incubated with FL-DMSO,
FL-PTX Emul, or FL-PTX-CH Emul for 2 hours at 4°C.
After incubation, cells were washed thrice with cold PBS and
incubated with Dil for 15 minutes at room temperature to
stain the cell membrane. Then, cells were fixed with 4% PFA,
stained with Hoechst 33258, and observed with CLSM. This
experiment was performed in triplicate.

In order to investigate whether endocytosis was the main
pathway for the cellular uptake of PTX-CH Emul, cells
were incubated with PTX-CH Emul at 4°C instead of the
regular 37°C. Additionally, cells were preincubated with
sucrose (0.45 M) to inhibit the formation of clathrin-coated
pits,? genistein (0.2 mM) to inhibit caveolaec-mediated
endocytosis,*® or cytochalasin D (30 uM) to inhibit
macropinocytosis® at 37°C for 1 hour. Then, PTX-CH
Emul and different inhibitors at the same concentrations
as described were added and incubated at 37°C for another
2 hours. After incubation, cells were washed thrice with cold
PBS, trypsinized, and centrifuged at 8,000 rpm for 5 minutes
to obtain cell pellets, which were subsequently analyzed
using high-performance liquid chromatography.

For investigation of the intracellular fate of PTX-CH
Emul, cells were seeded onto cover glasses in a six-well
plate and incubated for 24 hours at 37°C. Then cells were
incubated with FL-PTX-CH Emul for 0.5, 1, 2, and 4 hours
at 37°C. At different time points, cells were treated with
75 nM LysoTracker red, fixed, and stained with Hoechst
33258. Confocal images of cells were captured with CLSM.
This experiment was performed in triplicate.

Statistical analysis

All data subjected to statistical analysis were obtained
from at least three parallel experiments, and the results are
expressed as means * standard deviation. One-way analysis
of variance was used for significance analysis, and P<<0.05
was considered statistically significant.

Results

LDLR-expression level

The LDLR-expression levels in H9¢2 (2-1), MCF7,
and MDA-MB-231 cells were 24.1+5.6, 198+13.2, and
462.51+81.5 ng/g of protein, respectively (Figure 2). In con-
trast with H9¢2 (2-1) cardiac myocytes, BC cells, including
MDA-MB-231 and MCF7 cells, overexpressed LDLR.
Additionally, the expression level of LDLR was much
higher in MDA-MB-231, a typical TNBC cell line, than in
MCEF7, an ER-positive BC cell line. Moreover, incubation of
MDA-MB-231 cells with 10% LPDS increased the LDLR-
expression level to 768.11+45 ng/g from 462.5+81.5 ng/g, the
baseline level obtained with cells incubated with 10% FBS.

In vitro cellular uptake

In comparison with MCF7 cells incubated with FL-PTX-CH
Emul, the fluorescence intensity was about fivefold higher
in MDA-MB-231 cells (Figure 3A and B), indicating that
the expression profile of LDLR modulated the uptake of
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Figure 2 LDLR expression in H9¢2 (2-1), MCF7, and MDA-MB-231 cells incubated
with 10% FBS and MDA-MB-231 cells incubated with 10% LPDS.

Notes: **P<<0.01; ***P<<0.001. Each value represents the mean £ SD (n=3).
Abbreviations: LDLR, low-density lipoprotein receptor; FBS, fetal bovine serum;
LPDS, lipoprotein-deficient serum; SD, standard deviation.
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FL-PTX-CH Emul in BC cells. To confirm that FL-PTX-CH
Emul was internalized into MDA-MB-231 or MCF7 cells via
LDLR, we firstly incubated cells with 10% LPDS to stimu-
late the expression of LDLR in MDA-MB-231 or MCF7
cells, and then excess native LDL was added to saturate
LDLR. It was found that the uptake of FL-PTX-CH Emul
was significantly increased in MDA-MB-231 cells incubated
with 10% LPDS compared with that in cells incubated with
10% FBS. In the competition assay, adding excess native
LDL reduced the uptake of FL-PTX-CH Emul (Figure 3C
and D). Similar results were confirmed in MCF7 cells
(Figure S1). These results demonstrated that FL-PTX-CH
Emul was recognized by the LDLR of BC cells and internal-
ized through an endocytic pathway.

In vitro cytotoxicity assay
To clarify the connection between LDLR expression and
cytotoxicity, MCF7 and MDA-MB-231 cells, which have
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MCE7/PTX- MDA-MB-231/
CH Emul \ |~ PTX-CH Emul
160
o
c
2
o 107
3
53
0 e
102 10° 10*  10°  10° 107
FL1-H
D
sk
]
120 = "
100 o
9
< g0
)
®
“ 60+
o
=
B 40+
)
20
0

FBS

LPDS

LPDS + LDL

Figure 3 Qualitative and quantitative measurement of internalized FL-PTX-CH Emul in MDA-MB-23| and MCF7 cells.

Notes: CLSM (A) and flow cytometry (B). CLSM (C) and HPLC (D) analysis of MDA-MB-231 cells incubated with FL-PTX-CH Emul diluted in culture medium with 10%
FBS, 10% LPDS, or 10% LPDS plus LDL. **P<<0.01. Each value represents the mean + SD (n=4). Scale bar 20 pum.

Abbreviations: CLSM, confocal laser-scanning microscopy; HPLC, high-performance liquid chromatography; FBS, fetal bovine serum; FL, fluorescein-labeled; LPDS,
lipoprotein-deficient serum; LDL, low-density lipoprotein; PTX-CH Emul, paclitaxel-cholesterol emulsion; SD, standard deviation.
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different LDLR-expression profiles, were used to evaluate the
cytotoxicity of PTX-CH Emul. In accordance with the results
of cellular uptake described earlier, PTX-CH Emul exhibited
significantly better cytotoxicity in MDA-MB-231 cells (half-
maximal inhibitory concentration [IC, ] 2.13 ng/mL)*’ than
in MCF7 cells (IC,, 8.37 ng/mL) (Figure S2).

In vitro cell-apoptosis assay

To test the effect of the encapsulation of PTX in PTX-CH
Emul on cell apoptosis, MCF7 and MDA-MB-231 cells
were stained with Hoechst 33258 after treatment with dif-
ferent PTX formulations. As shown in Figure 4A and B,
the nuclei of untreated MCF7 and MDA-MB-231 cells
were homogeneous without segmentation or fragmentation.
However, when cells were treated with Taxol or PTX Emul,
chromatin condensation and nuclear fragmentation were
seen, with the formation of apoptotic bodies containing
dense granular particles, and PTX-CH Emul induced even
more apparent apoptotic changes in comparison with Taxol
and PTX Emul.

For quantitative analysis, the percentage of apoptotic cells
treated with the PTX formulations was determined using
flow cytometry. The percentages of apoptotic cells in MCF7
cells treated with Taxol, PTX Emul, and PTX-CH Emul
were 35.61%10.89%, 37.22%10.84%, and 39.8%*2.04%,
respectively, while the percentages of apoptotic cells in
MDA-MB-231 cells treated with Taxol, PTX Emul, and
PTX-CH Emul were 32.95%%*5.8%, 41.73%%4.7%, and
62.88%=*11.65%, respectively (Figure 4C and D). These
results indicated that the percentage of apoptotic cells induced
by PTX-CH Emul was much higher in MDA-MB-231 cells
(62.88%=11.65%) than in MCF7 cells (39.8%%2.04%).
These results were in accord with those obtained with the
nuclear staining and in vitro cytotoxicity assay. The signifi-
cant morphologic modifications and increased percentage
of apoptotic cells caused by PTX-CH Emul in comparison
with Taxol and PTX Emul may be attributed to the improved
cellular uptake of PTX-CH Emul in MDA-MB-231 cells.”
Furthermore, in comparison with its effects in MCF7 cells,
PTX-CH Emul induced a significantly greater percentage of
apoptotic cells in MDA-MB-231 cells, further supporting the
LDLR-specific targeting of PTX-CH Emul.

Tumor-spheroid penetration and growth
inhibition

As targeted drug-delivery systems are superior to conven-
tional drug-delivery systems for delivering drugs specifically
to tumors, it is of high significance to test the penetration
ability of PTX-CH Emul. To this end, tumor spheroids were

used to investigate the penetrating efficiency of PTX-CH
Emul. As shown in Figure SA, FL-PTX-CH Emul penetrated
more deeply and distributed more extensively in MDA-MB-
231-tumor spheroids than FL-DMSO and FL-PTX Emul.
In addition, FL-PTX-CH Emul penetrated more deeply into
tumor spheroids formed by MDA-MB-231 cells than those
formed by MCF7 cells (Figure 5B), indicating that LDLR
led to higher penetration efficiency of FL-PTX-CH Emul in
MDA-MB-231-tumor spheroids.

As presented in Figure 5C, MCF7- and MDA-MB-231-
tumor spheroids grew fast and became compact when treated
with the cell-culture medium. In comparison with MCF7-
tumor spheroids, MDA-MB-23 1 -tumor spheroids grew much
more rapidly, consistent with the growth characteristics of
solid tumors in vivo. However, after treatment with PTX-CH
Emul, both types of tumor spheroids shrank, with some cell
detachment from the tumor spheroids, and almost lost their
three-dimensional structure, indicating that PTX-CH Emul
effectively inhibited spheroid-cell proliferation. After 7 days
of treatment with PTX-CH Emul, the tumor-spheroid volume
ratios of MDA-MB-231 and MCF7 cells were 19.9%14%?’
and 45%316.2%, respectively (Figure 5D). Therefore, it is
worth mentioning that PTX-CH Emul exhibited a much
more pronounced inhibitory effect on MDA-MB-231-tumor
spheroids than that on MCF7-tumor spheroids, which was
consistent with the results of in vitro cytotoxicity and cell
apoptosis described earlier.

In vivo tumor-targeting efficiency

In our previous study, we found that the fluorescence intensity
of DiR-PTX-CH Emul detected in tumor sites was much stron-
ger than that of DiR-PTX Emul at all time points postinjection.?’
To confirm the in vivo tumor-targeting efficiency of PTX-CH
Emul further, a comparative evaluation was made in MDA-
MB-231 and MCF7 tumor-bearing nude mice. As shown in
Figure 6A, the fluorescence intensity of tumor sites in MDA-
MB-231 tumor-bearing nude mice was much higher than that
in MCF7 tumor-bearing nude mice at all observed time points.
Additionally, the ex vivo fluorescent image of the excised
tumors from MDA-MB-231 tumor-bearing nude mice also
clearly showed about threefold-higher fluorescence intensity
than that from MCF7 tumor-bearing nude mice (Figure 6B),
demonstrating a further piece of evidence of in vivo tumor-
targeting efficiency of PTX-CH Emul.

Cellular internalization mechanism and
intracellular fate

The LDLR-binding profiles of FL-DMSO, FL-PTX Emul,
and FL-PTX-CH Emul in the MDA-MB-231 cells were
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Figure 4 Cell-apoptosis analysis in MCF7 (A) and MDA-MB-231 cells (B). Photographs were taken at a magnification of 200x. Analysis undertaken following 24 hours’
incubation with different paclitaxel formulations at equivalent paclitaxel concentration (0. pg/mL). Proportion of apoptosis in MCF7 (C) and MDA-MB-231 cells (D) analyzed
by flow cytometry. ¥*P<<0.05; **P<<0.01. Each value represents the mean + SD (n=3).
Abbreviations: Pl, propidium iodide; FITC, fluorescein isothiocyanate; SD, standard deviation; PTX-CH Emul, paclitaxel-cholesterol emulsion; PTX Emul, paclitaxel emulsion.

assessed qualitatively using CLSM. As shown in Figure S3,
FL-PTX-CH Emul exhibited significantly greater green
fluorescence overlapped with red fluorescence (correspond-
ing to the cell membrane) in comparison with FL-DMSO

and FL-PTX Emul in MDA-MB-231 cells, implying that
FL-PTX-CH Emul had a higher binding affinity to LDLR
than FL-DMSO and FL-PTX Emul did. Additionally,
when MDA-MB-231 and MCF7 cells were incubated with
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Figure 5 (A) CLSM images of MDA-MB-231-tumor spheroids incubated with FL-DMSO, FL-PTX Emul, and FL-PTX-CH Emul. Scale bars 100 um. (B) CLSM images of
MCF7- and MDA-MB-23 | -tumor spheroids after incubation with FL-PTX-CH Emul. Z-stack images were obtained from the top toward the tumor-spheroid equatorial plane
in 10 um intervals. Scale bars 100 um. (C) Inhibition of MDA-MB-231% and MCF7 tumor-spheroid growth was evaluated following treatment with PTX-CH Emul. Scale bars
300 pum. (D) Change in MDA-MB-231% and MCF7 tumor-spheroid volume (%) after treatment with PTX-CH Emul. Each value represents the mean + SD (n=6).
Abbreviations: CLSM, confocal laser-scanning microscopy; DMSO, dimethyl sulfoxide solution; FL, fluorescein-labeled; PTX-CH Emul, paclitaxel-cholesterol emulsion;
PTX Emul, paclitaxel emulsion; SD, standard deviation.
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MDA-MB-231

MDA-MB-231

Figure 6 (A) In vivo fluorescence images of nude mice bearing MDA-MB-23 1% and MCF7 tumors after tail-vein injection of DiR-PTX-CH Emul. Images taken at predetermined time
intervals. (B) Ex vivo fluorescence images of excised organs and tumors at 24 hours postinjection of DiR-PTX-CH Emul in nude mice bearing MDA-MB-23 1% and MCF7 tumors.
Abbreviations: DiR, |,I-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide; DiR-PTX-CH Emul, DiR-labeled paclitaxel-cholesterol emulsion; PBS, phosphate-

buffered saline.

FL-PTX-CH Emul, the higher green-fluorescence intensity
was observed in MDA-MB-231 cells, indicating that the
expression profile of LDLR modulated the binding capacity
of FL-PTX-CH Emul to LDLR in BC cells.

Cytochalasin D, sucrose, and genistein were employed to
inhibit macropinocytosis-, clathrin-, and caveolin-mediated
endocytosis, respectively. We selected 4°C to investigate
the energy impact on cellular uptake. With the reduced
incubation temperature, the cellular uptake of PTX-CH Emul
decreased dramatically in comparison to the control (37°C),
suggesting that the endocytosis was an energy-dependent
process (Figure 7A). When cells were preincubated with
sucrose, cytochalasin D, or genistein, the reduced cellular
uptake extent was 57%, 78%, or 81%, respectively, indicating
that the internalization of PTX-CH Emul was mediated by the
combined clathrin- and caveolae-mediated endocytosis path-
ways, as well as macropinocytosis, and the clathrin-mediated
endocytosis was the main endocytosis pathway.

When cells were incubated with PTX-CH Emul doubly
labeled with *C-CH and *H-PTX at increasing PTX concen-
trations for 2 hours or at a constant PTX concentration for
increasing incubation time, the increase in the uptake was
proportional to the two labels (Figure 7B and C). This result
indicated that both PTX and CH components of PTX-CH
Emul were taken up together by MDA-MB-231 cells.

To investigate the intracellular fate of PTX-CH Emul
following its uptake, cells were stained with LysoTracker red.
In the stained cells, the red fluorescence represented the lyso-
somes, whereas green fluorescence indicated the FL-PTX-CH
Emul. Therefore, the yellow fluorescence demonstrated

the colocalization of lysosomes and FL-PTX-CH Emul in
merged images. After 30 minutes’ incubation, it was found
that FL-PTX-CH Emul colocalized partly with lysosomes in
cells (Figure 8). At the longer incubation time points (1 and
2 hours), the density of the cytoplasmic green fluorescence
increased significantly, with more aggregates in the lyso-
somal vesicles. After prolonged incubation (4 hours), the
green fluorescence in the lysosomes moved to the perinuclear
area, suggesting that FL-PTX-CH Emul was released to the
cytoplasm under acidic condition in lysosomes.

Discussion

Much attention has been paid to the design of novel nano-
carriers based on LDL,'®!1%3!32 due to the overexpression of
LDLR in many tumor cells, which offers the advantage of
tumor targeting for LDL-based nanocarriers. However, an
LDL-based nanocarrier is less than ideal as a targeted drug-
delivery system, not only because the quantity of natural
LDL extracted from human serum is low but also because it
is difficult to isolate the ApoB, which is large and aggregates
easily during purification.’*3* Alternatively, LDL-mimicking
nanocarriers without protein, including lipid nanoparticles
and Emuls, have emerged as promising candidates for the
targeted delivery of antineoplastic drugs.'’?!#3333¢ In our
previous study, a novel lipid Emul resembling the structure
of LDL, which is composed of a PTX-CH complex sur-
rounded by a phospholipid monolayer, was prepared and
the in vitro and in vivo antitumor efficacy evaluated in a
TNBC model.?*?’ The resulting lipid PTX-CH Emul exhib-
ited superior in vitro antitumor efficacy, higher specificity
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Figure 7 (A) Effects of endocytosis inhibitors (4°C, sucrose, genistein, and cytochalasin D) on cellular uptake of PTX-CH Emul. Quantitative measurement of internalized
3H-paclitaxel and '*C-cholesterol of PTX-CH Emul at different paclitaxel concentrations (B) and incubation times (C) using radioisotope method.

Notes: *P<<0.05. *P<<0.01. Each value represents the mean + SD (n=4).

Abbreviations: PTX, paclitaxel; PTX-CH Emul, paclitaxel-cholesterol emulsion; DPM, disintegrations per minute; SD, standard deviation.

and efficiency in intratumoral accumulation, better safety
profiles, and superior antitumor efficacy in vivo against
TNBC compared to the conventional PTX Emul and Taxol.”
In this work, the cellular uptake mechanism and intracellular
trafficking of PTX-CH Emul were studied to elucidate its
tumor-targeting mechanism in TNBC cells. Additionally, a
comparative evaluation of antineoplastic effects of PTX-CH
Emul on TNBC and non-TNBC cells was performed to
investigate further the therapeutic potential of PTX-CH Emul
for the treatment of TNBC.

Evidence demonstrates that BC cells have high
LDL requirements and express relatively high levels of
LDLR on cancer cell membranes, and TNBC cell lines share
these characteristics.'>'*' Moreover, LDLR is expressed
at low levels in normal cells, such as cardiac myocytes and
breast epithelial cells, suggesting that LDLR could be a
potential receptor target for selective delivery of antitumor
agents to BC cells. The expression profile of LDLR on H9¢c2

(2-1), MCF7, and MDA-MB-231 cells was measured by
enzyme-linked immunosorbent assay (Figure 2). The results
indicated the LDLR-expression level of BC cells was much
higher than that of H9¢2 (2-1) cardiac myocytes, and LDLR
was expressed much more highly in MDA-MB-231, a typical
TNBC cell line, in comparison with MCF7, an ER-positive
BC cell line, which is in line with the results of previous
reports.'>1*37 Apart from H9¢2 (2-1) cardiac myocytes, breast
epithelial cells should be considered additional control cells
in future study, although the comparative analysis of LDLR-
expression level on a breast epithelial cell line (MCF10A) and
BC cell lines (MDA-MB-231 or MCF7) has been investigated
in previous studies.'®3” Additionally, MDA-MB-231 cells
incubated with 10% LPDS showed elevated LDLR expres-
sion, in contrast to those incubated with 10% FBS. This result
was consistent with a previous study, which demonstrated
that lipoprotein depletion significantly upregulated LDLR
messenger-RNA expression.'?
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Based on the different expression profiles of LDLR in
MCF7 and MDA-MB-231 cells incubated with 10% FBS
and 10% LPDS, the cellular uptake level of PTX-CH Emul
was evaluated to determine whether endocytosis of PTX-CH
Emul was associated with LDLR. The results indicated
that the expression profile of LDLR modulated the cellular
uptake of FL-PTX-CH Emul in BC cells (Figure 3A and B)
and overexpression of LDLR significantly facilitated the
cellular uptake of PTX-CH Emul in MDA-MB-231 cells, but
this effect was inhibited by excess LDL (Figure 3C and D).
Therefore, we can conclude that endocytosis of PTX-CH
Emul was mediated by LDLR in BC cells.

To clarify the connection between LDLR expression and
in vitro antitumor efficacy, MCF7 and MDA-MB-231 cells,
which have different LDLR-expression profiles, were used to

Figure 8 Intracellular trafficking of FL-PTX-CH Emul in MDA-MB-231 cells at different time intervals (0.5, |, 2, and 4 hours). Scale bars are 40 um, with the exception of
the magnified inset which is 20 um.
Abbreviation: FL-PTX-CH Emul, fluorescein-labeled paclitaxel-cholesterol emulsion.

Merged

LysoTracker

evaluate the cytotoxicity and cell apoptosis-inducing activity
of PTX-CH Emul. In comparison with MCF7 cells, PTX-CH
Emul exhibited significantly superior antiproliferative and cell
apoptosis-inducing activity in MDA-MB-231 cells (Figure 4),
which could be attributed to the selective accumulation of
PTX-CH Emul in MDA-MB-231 cells expressing high levels
of LDLR, as presented earlier (Figure 3A and B). It is equally
important to mention that PTX-CH Emul possessed much
higher cell apoptosis-inducing activity compared to PTX
Emul and Taxol in MDA-MB-231 cells (Figure 4B and D),
which was consistent with the results of our previous in vitro
cytotoxicity study,?’ further supporting the improved cellular
uptake of PTX-CH Emul mediated by LDLR in MDA-MB-
231 cells. Therefore, PTX-CH Emul reported here may
serve as a tumor-targeting vehicle for PTX directed against
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MDA-MB-231 cells with abundant LDLR and then greatly
improve the in vitro antitumor efficacy of PTX.

To achieve an effective chemotherapeutic response,
nanocarriers must penetrate and accumulate drug within
the tumor.’® Compared with the conventional 2-D mono-
layer model, the 3-D tumor-spheroid model has a closer
resemblance to cells growing in the in vivo tissue microen-
vironment by mimicking many of the physiological charac-
teristics of the native tumor environment.*** The results of
tumor-spheroid penetration demonstrated that FL-PTX-CH
Emul possessed greater penetration efficiency compared
to FL-DMSO and FL-PTX Emul in MDA-MB-231-tumor
spheroids (Figure 5A). Furthermore, the penetration capacity
of FL-PTX-CH Emul was stronger in MDA-MB-231-tumor
spheroids than in MCF7-tumor spheroids (Figure 5B),
indicating that the enhanced tumor spheroid-penetration
efficiency of FL-PTX-CH Emul could have been associated
with the elevated expression profile of LDLR in MDA-MB-
231 cells. To clarify the correlation between tumor spheroid-
penetration efficiency and chemotherapeutic response,
tumor-spheroid growth inhibition by PTX-CH Emul was
evaluated for 7 days. The results demonstrated that PTX-CH
Emul exhibited much more pronounced inhibitory activity in
MDA-MB-231-tumor spheroids than in MCF7-tumor spher-
oids (Figure 5C and D), which is consistent with the results
of the in vitro cytotoxicity and apoptosis assays described
earlier. The improved growth inhibition of PTX-CH Emul
in MDA-MB-231-tumor spheroids may be attributed to the
higher 3-D tumor spheroid-penetration efficiency and supe-
rior 2-D monolayer cell cytotoxicity.

Our previous results demonstrated that PTX-CH Emul
preferentially accumulates in tumors in mice bearing MDA -
MB-231 xenografts after intravenous administration com-
pared with PTX Emul, possibly as a result of both enhanced
permeability and retention effects and tumor-targeting effects
mediated by LDLR.?’ The tumor-targeting effect and the
real-time biodistribution of PTX-CH Emul were also inves-
tigated in mice bearing MCF7 xenografts by noninvasive
near-infrared fluorescence optical imaging technology. The
results revealed that both the tumor sites in live animals and
the excised tumors showed higher fluorescence intensity
from MDA-MB-231 tumor-bearing nude mice over those
from MCF7 tumor-bearing nude mice (Figure 6). PTX-CH
Emul exhibited higher distribution selectively in the tumor
regions of MDA-MB-231 tumor-bearing nude mice, which
may be attributed to the more abundant expression of LDLR
in the MDA-MB-231 cells than in the MCF7 cells.

To internalize a lipoprotein, like LDL, the receptor
must undergo endocytosis within a plasma-membrane

microdomain.* Normally, LDL binds specifically to LDLR
with high affinity at the cell membrane, the LDL-LDLR
complexes cluster into clathrin-coated pits, and are then
internalized by clathrin-mediated endocytosis. After being
internalized into cytoplasm, LDL-LDLR complexes are
transferred into early endosomes, where low pH triggers
dissociation of LDL from LDLR. The dissociated LDL
fuses with lysosomes, and is eventually degraded to CH,
lipids, and free amino acids by acidic hydrolases in the
endosomes.'***#! In order to investigate whether PTX-CH
Emul could mimic the internalization pathway and the fate
of LDL, the LDLR-binding assay, endocytosis pathway,
and intracellular trafficking of PTX-CH Emul were studied.
As shown in the results of the binding assay, FL-PTX-CH
had a higher binding affinity to LDLR than FL-DMSO and
FL-PTX Emul in MDA-MB-231 cells. In accordance with
the cellular uptake results described earlier, overexpression
of LDLR significantly facilitated the binding capacity of
FL-PTX-CH Emul in MDA-MB-231 cells when compared
with MCF7 cells (Figure S3), which is in line with the
results of a previous report.'* The results of the endocytosis-
inhibition assay indicated that the clathrin-mediated endocy-
tosis was the main endocytosis pathway of PTX-CH Emul
(Figure 7A). During the whole endocytosis process, both
PTX and CH components of PTX-CH Emul were taken up
together by MDA-MB-231 cells (Figure 7B and C). After
being internalized into cytoplasm, PTX-CH Emul was first
localized in lysosomes and then gradually released into the
cytoplasm under acidic conditions in lysosomes (Figure 8).
Taken together, from these results we can conclude that
PTX-CH Emul may be internalized into BC cells through
the LDLR-mediated internalization pathway via clathrin-
coated pits, localized in lysosomes, and then released into
the cytoplasm, which is consistent with the internalization
pathway and intracellular trafficking of native LDL.

Conclusion
Although many studies have developed LDL-mimicking
nanocarriers to deliver antineoplastic agents for treatment of
diverse types of cancer, few have explored these nanocarri-
ers for targeted therapy of BC. PTX-CH Emul, which was
designed to mimic the structure of native LDL, exhibited
superior antitumor efficacy against TNBC compared to
PTX Emul and Taxol in our previous work. Therefore, it is
necessary to elucidate the cellular uptake mechanism and
intracellular trafficking of PTX-CH Emul.

PTX-CH Emul dramatically enhanced intracellular
delivery of PTX into LDLR-overexpressing TNBC cells
via LDLR-mediated endocytosis, resulting in enhanced
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in vitro and in vivo antitumor efficacy on TNBC models, as
previously evaluated. Furthermore, PTX-CH Emul exhibited
superior in vitro antitumor efficacy, greater tumor spheroid-
penetration efficiency, and higher tumor-region distribution
in the TNBC cell line in comparison with the non-TNBC cell
line, which may be attributed to the more abundant expres-
sion profile of LDLR in the TNBC cell line. The findings of
the present study not only provide new strategies to design
LDL-mimicking nanocarriers but also provide strong proof
for the targeted therapeutic efficacy of PTX-CH Emul in
clinical applications involving TNBC therapy.
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Figure S| HPLC analysis of MCF7 cells incubated with PTX-CH Emul diluted in culture medium with 10% FBS, 10% LPDS, or 10% LPDS plus LDL.
Notes: **P<0.01. Each value represents the mean * SD (n=3).

Abbreviations: HPLC, high-performance liquid chromatography; PTX-CH Emul, paclitaxel-cholesterol emulsion; FBS, fetal bovine serum; LPDS, lipoprotein-deficient
serum; LDL, low-density lipoprotein; SD, standard deviation.
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Figure S2 In vitro cytotoxicity studies of PTX-CH Emul on MCF7 and MDA-MB-231 cells at 72 hours. Each value represents the mean * SD (n=3).
Abbreviations: PTX, paclitaxel; PTX-CH Emul, paclitaxel-cholesterol emulsion; SD, standard deviation.
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Figure S3 Confocal microscopy observation of the binding of FL-PTX-CH Emul to MDA-MB-23| and MCF7 cells.

Notes: MDA-MB-231 cells were incubated with FL-DMSO, FL-PTX Emul, and FL-PTX-CH Emul, and MCF7 cells were incubated with FL-PTX-CH Emul for 2 hours at 4°C.
Scale bar 10 um.

Abbreviations: CH, cholesterol; DMSO, dimethyl sulfoxide; Emul, emulsion; FL, fluorescein-labeled; PTX, paclitaxel.
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