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KEY WORDS Abstract Targeting androgen receptor (AR) has shown great therapeutic potential in triple-negative
breast cancer (TNBC), yet its efficacy remains unsatisfactory. Here, we aimed to identify promising tar-
geted agents that synergize with enzalutamide, a second-generation AR inhibitor, in TNBC. By using a
strategy for screening drug combinations based on the Sensitivity Index (SI), we found that MK-8776, a
selective checkpoint kinasel (CHK1) inhibitor, showed favorable synergism with enzalutamide in AR-

Triple-negative breast
cancer;

Androgen receptor;

Checkpoint kinase 1;

Enzalutamide; positive TNBC. The combination of enzalutamide and MK-8776 was found to exert more significant
MK-8776; anti-tumor effects in TNBC than the single application of enzalutamide or MK-8776, respectively.
Synergy; Furthermore, a nanoparticle-based on hyaluronic acid (HA)-modified hollow-manganese dioxide
HMnO,; (HMnO,), named HMnE&M @H, was established to encapsulate and deliver enzalutamide and MK-
Nanodrug delivery system 8776. This HA-modified nanosystem managed targeted activation via pH/glutathione responsiveness.

HMnE&M@H repressed tumor growth more obviously than the simple addition of enzalutamide and
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MK-8776 without a carrier. Collectively, our study elucidated the synergy of enzalutamide and MK-8776
in TNBC and developed a novel tumor-targeted nano drug delivery system HMnE&M @H, providing a
potential therapeutic approach for the treatment of TNBC.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Breast cancer stands as the most prevalent cancer in women and
contributes significantly to cancer-related fatalities'. Tt is catego-
rized into three primary subtypes based on the expression of es-
trogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2/ErbB2): hormone
receptor-positive, HER2-enriched, and triple-negative breast can-
cer (TNBC)”. TNBC is a highly invasive and aggressive subtype
that lacks specific therapeutic agents compared with hormone
receptor-positive and HER2-enriched breast cancer. Moreover,
over 30% of TNBC patients are diagnosed with distant metastases
within five years of initial diagnosis®*. Without the option of
hormone therapies against ER, PR, or targeted drugs against
ErbB2, current options for early-line treatment of advanced TNBC
were mainly based on systematic administration of conventional
cytotoxic chemotherapy’®, and only a few targeted therapies have
been approved available for a partial TNBC population’. Never-
theless, the diverse side effects, such as gastrointestinal dysfunc-
tion and myelosuppression, severely limit the efficiency of
chemotherapy™. An alternative therapeutic strategy for treating
TNBC is highly desirable in clinical practice, thus improving
therapeutic efficacy and reducing adverse side effects.

Although TNBC does not have hormone receptors typically
found in other types of breast cancer, approximately 10—15% of
TNBC patients express the androgen receptor (AR)'’. Recent in-
vestigations have highlighted the significant impact of AR on
TNBC’s tumorigenic qualities''. Following the development of
next-generation anti-androgens for the treatment of prostate can-
cer, hormonal therapy targeting AR in the fraction with AR™
TNBC has regained interest and represents a new therapeutic
option for these patients'>'°. Bicalutamide was utilized in a phase
I clinical trial to treat patients with AR™ TNBC, and around 19%
of patients obtained clinical benefits from the inhibition of AR'°.
Enzalutamide, a second-generation AR inhibitor, has greater anti-
cancer activity compared to first-generation AR inhibitors (such as
bicalutamide) because of its improved AR affinity and stronger
inhibition of AR nuclear translocation'’'". Recently, another
phase II study investigated the anti-cancer efficacy and safety of
enzalutamide in patients with locally progressed or metastatic
ART TNBC. About 30% of patients exhibited clinical benefits
after 24 weeks of medication, showing promising clinical efficacy
and good tolerance”. Despite the application of enzalutamide in
AR™ TNBC, which has achieved optimistic research results, the
overall response rate is still unsatisfactory due to adaptive resis-
tance and subsequent tumor progression.

Numerous targeted medications have been incorporated into
combination regimens to combat or postpone resistance to endo-
crine therapy. These include cell cycle inhibitors, histone deacety-
lase (HDAC) inhibitors, and inhibitors targeting the
phosphatidylinositol three kinase-protein kinase B-mammalian

target of rapamycin (PI3K—AKT—mTOR) pathway”'. The
PALOMA-2 trial suggested the synergistic application of palboci-
clib, a cell cycle inhibitor, alongside endocrine therapy, contributing
to a longer progression-free survival (PFS) for patients with ER-
positive breast cancer’. Inspired by the synergistic treatment of
ER-positive breast cancer, we sought to explore whether cell cycle
inhibitors and anti-hormone agents could be applied to AR TNBC.
However, few studies about the combination of AR inhibitors and
targeted drugs have been reported. Given that AR blockade could
activate cell cycle signaling, simultaneous suppression of both AR
and cell cycle progression is worthy of investigation”>*>*. Therefore,
we selected a drug library composed of multiple cell cycle inhibitors
to test whether these drugs have a synergistic effect with enzalu-
tamide in the treatment of TNBC. Furthermore, in order to maxi-
mize the effectiveness of combination medications, a nano drug
delivery system that can overcome biological barriers in tumors is a
promising candidate for drug delivery>. The nano drug delivery
systems are based on nanomaterials with a size around 100 nm,
exhibiting surface effects and small size effects*®. Differing from
traditional drugs, nano-drug delivery systems have many advan-
tages, including excellent solubility, outstanding bioavailability,
and fewer adverse effects’’. Among them, hollow manganese di-
oxide (HMnO,) is an ideal nanocarrier for loading a variety of
agents due to its low toxicity, remarkable response to tumor
microenvironment (TME), and high loading capacities®**’.

Herein, we found that the combination of enzalutamide and
MK-8776 had synergic effects in TNBC. Accordingly, we devel-
oped an HMnO;-based nano platform that encapsulates both
enzalutamide and MK-8776 and is further coated with hyaluronic
acid (HA), termed HMnO,-Enzalutamide-MK-8776@HA
(HMnE&M@H), thereby providing a prospective therapeutic
option for the treatment of AR* TNBC.

2. Materials and methods

2.1.  Cell culture and transfection

The breast cancer cell lines Hs578T, BT549, and 4T1 were pur-
chased from the Typical culture preservation center (ATCC, USA).
Hs578T and 4T1 cells were cultured using DMEM medium (Gibco,
CA, USA). RPMI 1640 medium (Gibco, CA, USA) was used to
culture BT549 cells. Both DMEM and RPMI1640 media were
added with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. An additional 0.023 IU/mL insulin was added to the
medium for BT549 cells. All cells were cultured at a temperature of
37 °Cin a humidified atmosphere with 5% CO,. The overexpression
plasmid of RADS51 was designed and synthesized by Genepharma
(Shanghai, China). The lipofectamine 3000 (ThermoFisher, MA,
USA) was utilized for cell transfection according to the manufac-
turer’s protocol.
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2.2.  Cell counting kit 8 (CCK-8) assay

Cell viability was measured using the CCK-8 assay (HY—KO0301,
MedChemExpress, MA, USA). In brief, cells were seeded at a
density of 2000 cells per well in a 96-well plate. After 24 h, the
cells were treated with different drugs. The CCK-8 solution
(10 pL) was added to each well 48 h later, and the 96-well plates
were then incubated at 37 °C for another hour. The microplate
reader was used to record the absorbance at 450 nm.

2.3. MTT assay

The effect of this nano drug delivery system on cell growth was
measured using MTT assay. In brief, following treatment, cells
were incubated with MTT (HY-15924, MedChemExpress, MA,
USA) in the dark for 4 h, after which measurements were taken
using a microplate reader.

2.4.  Drug combination screening

Enzalutamide (#51250), MK-8776(#S2735), and an inhibitor drug
library containing 121 cell cycle small molecule inhibitors
(#L5100) were purchased from Selleck Chemical Company
(Shanghai, China). TNBC cells were treated with DMSO (0.2%),
enzalutamide (20 umol/L in Hs578T, 50 pmol/L in BT549), a
drug library agent (1 pmol/L), and a combination of enzalutamide
with each agent. After 48 h, each well was added with 10 pL
CCK-8 solution, and cells were incubated at 37 °C for an addi-
tional hour. The absorbance at 450 nm was measured. Using the
calculation formula for the SI value (Fig. 1A), the SI value was
determined, and drugs exhibiting synergistic effects when com-
bined with enzalutamide were screened.

2.5.  Cell migration and invasion assays

Transwell chambers (Millipore, HE, Germany), either pre-coated
with matrigel or left uncoated, were utilized for conducting
migration and invasion experiments. TNBC cells (1 x 10° cells/
chamber), suspended in a serum-free medium, were seeded into
the upper chamber, while the lower chamber was filled with a
complete medium containing 10% FBS. Following an incubation
period of 24—48 h at 37 °C, cells that migrated through the
membrane were fixed with 4% paraformaldehyde (Solarbio, Bei-
jing, China) and subsequently stained with crystal violet (C0121,
Beyotime, Nanjing, China). Cell counting was then performed
using an inverted microscope.

2.6.  Wound healing

TNBC cells were seeded into 6-well plates and allowed to adhere
fully. A wound was created in the middle of the plates by scraping
the cell. Subsequently, the medium was replaced with a serum-
free medium. The fraction of cell coverage along the wound line
was calculated after 24 h of incubation.

2.7.  Western blotting

The cells were lysed in the RIPA buffer (P0013B, Beyotime,
Nanjing, China), and then they were fully lysed using ultrasound. A
BCA protein detection kit (PO009, Beyotime, Nanjing, China) was
employed for the detection of protein concentration. Protein sam-
ples were separated using 6%—10% SDS-PAGE gel and

subsequently transferred to PVDF membranes. The membranes
were blocked with 5% fat-free milk for 2 h. Subsequently, primary
antibodies were used to incubate the membranes overnight at 4 °C.
Corresponding secondary antibodies were then used for an addi-
tional 1 h of incubation. Ultimately, a chemiluminescence system
was used to detect the signal. The primary antibodies anti-AR
(1:2000, ab108341), anti-y-H2AX (1:1000, ab22551), anti-RADS51
(1:10,000, ab133534), anti-DNA PKcs (1:1000, ab32566), anti-
RADS50 (1:1000, ab208019), anti-BAX (1:1000, ab32503), anti-
BCL-2 (1:1000, ab182858), anti-E-cadherin (1:1000, ab231303),
anti-Vimentin (1:1000, ab92547), anti-MMP-9 (1:1000, ab76003),
anti-MMP-2  (1:1000, ab92536), and anti-GAPDH (1:1000,
ab8245) were provided by Abcam (MA, USA), while anti-CHK1
(1:1000, #2360), and anti-p-CHK1 (1:1000, #90178) were ob-
tained from Cell Signaling Technology (MA, USA).

2.8.  Flow cytometry

The cell cycle and apoptosis were assessed by flow cytometry
analysis. For cell cycle detection, cells were harvested and washed
with cold PBS triple times. Afterward, cells were fixed with 70%
ethanol, treated with RNaseA, and stained with propidium iodide
(PI). For cell apoptosis analysis, cells were resuspended in an
annexin V binding buffer, and FITC-conjugated annexin V and PI
were added for a 15-min incubation at room temperature. Finally,
flow cytometry (FACScan, BD Biosciences, NJ, USA) was applied
for the detection of cell cycle and apoptosis, and the data was
analyzed by FlowJo software (version 10.8.1, BD Biosciences, NJ,
USA).

2.9.  Synthesis of nanoparticles

Firstly, monodisperse silica nanoparticles were synthesized with
tetraethyl orthosilicate (TEOS). To get the silica nanoparticles, a
mixture of 26 mL water and 13 mL ethanol was prepared, fol-
lowed by the addition of 1.3 mL ammonia water and 1.4 mL
TEOS. Subsequently, 0.2 g resorcin and 0.3 mL formaldehyde
were added to the mixture, which was stirred for 12 h. After
centrifugation, SiO,@RF was obtained. Next, 0.4 g potassium
permanganate solution was added to the SiO,@RF solution, and
an ultrasonic reaction was conducted at a low temperature for 6 h.
After centrifugal cleaning two times, sodium hydroxide solution
was added, and the solution reacted in an 80 °C water bath for 6 h.
The resulting solution was centrifuged and washed to obtain the
product HMnO,. To synthesize HMnE&M@H, MK-8776 and
enzalutamide were added to the HMnO, solution (1 mg/mL) and
stirred at room temperature overnight. The sample was then
centrifuged at 10,000 rpm (5804, Eppendorf, HH, Germany) to
discard the supernatant. The collected precipitate was resuspended
with ddH,O and dispersed using sonication. After another round
of centrifugation, the resulting precipitate was referred to as
nanoparticles HMnE&M. Subsequently, a 0.5 mg/mL HA solution
was introduced to resuspend the nanoparticles, and the mixture
was stirred for 1 h. After another round of centrifugation, the
retained precipitate mainly represented HMnE&M @H.

2.10.  Immunofluorescence staining

For immunofluorescence staining, cells were fixed by using 4%
paraformaldehyde. Afterward, cells were exposed to 0.5% Triton
X-100 for 30 min and 3% H,O, for 5 min at room temperature.
The immunofluorescence blocking reagent (Beyotime, Nanjing,
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Figure 1

Combined drug screening identified compounds exerting synergistic anti-tumor effects with enzalutamide in TNBC. (A) Formula

to calculate the SI value for identification of prospective targeted drugs that enhance enzalutamide’s anti-TNBC effects. (B) The scatter plot
displays the number of inhibitors that have been found to have potent synergistic effects with enzalutamide. The standard of strong synergy is
SI > 0.12. The green dots represent the drugs that have synergistic effects with enzalutamide only in Hs578T cells, the blue dots show the
drugs that have synergistic effects with enzalutamide only in BT549 cells, and the red dots display the drugs that have synergistic effects with
enzalutamide in both two cells. (C) and (D) Seven candidates were listed in Hs578T and BT549, respectively, after testing the synergistic effect

of combination drugs.

China) was used to block cells for another 30 min. Finally, DAPI
regent (0100-20, SouthernBiotech, AL, USA) was added to stain
nuclear. The fluorescence was observed under the laser confocal
microscope (LSM700, ZEISS, BW, Germany).

2.11.  Animal models

Female BALB/c mice, aged four weeks, were obtained from
Nanjing Meiris Biotechnology Co., Ltd. The Animal Care and Use
Committee of Nanjing Medical University (Ethics Approval
Number: JACUC-2211003) approved the animal experiments, and
all the experiments were performed according to the Guide for the
Care and Use of Laboratory Animals. Mice were injected with
4T1 cells (1 x 109 subcutaneously and received treatment when
the tumor volume reached 60 mm?>. In brief, 36 mice were divided
into six distinct treatment groups randomly: PBS, HMn@H,

HMnE@H (20 mg/kg enzalutamide), HMnM@H (5 mg/kg MK-
8776), E&M (20 mg/kg enzalutamide + 5 mg/kg MK-8776),
and HMnE&M@H (20 mg/kg enzalutamide + 5 mg/kg MK-
8776). Treatments were administered every other day for two
weeks. Besides, female BALB/c mice aged six weeks were used
for establishing the breast cancer lung metastasis models by
intravenously injecting 5 x 10° 4T1 cells. These mice were
randomly assigned to receive interventions of PBS, E&M, and
HMnE&M@H.

2.12.  Invivo imaging

Using the IVIS Spectrum, fluorescence imaging was performed
in vivo. HMnE&M@H and HMnE&M nanoparticles were modi-
fied with the fluorescent dye Cy7 and then administrated to 4T1
tumor-bearing mice via the caudal vein. Visible light imaging was
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performed at 1, 4, 8, and 24 h after injection. After 24 h, fluo-
rescence imaging was performed on tumor tissues and major or-
gans in vitro. The 4T1 tumor-bearing mice were given
HMnE&M@H nanoparticles through the caudal vein, and MR
imaging was carried out at 0 and 4 h after injection using a small
animal nuclear magnetic resonance imager (Biospec 7T/20 USR,
Bruker, MA, USA).

2.13.  Hematoxylin and eosin (H&E) and immunohistochemical
(IHC) staining

Major organs and tumors were removed from the mice and fixed
in formalin. The treated tissues were subsequently paraffin-
embedded and sliced into tiny pieces, followed by staining with
H&E. Formalin-fixed xenograft tumor samples were utilized for
IHC staining to assess the expression of y-H2AX and Ki-67.
Briefly, tissues underwent dehydration in various concentrations
of ethanol solutions, followed by three changes of xylene for
clearing, and were then embedded in heated paraffin (56—58 °C).
Tissue samples were embedded in paraffin and then cut into 4 to 6-
mm slices. Deparaffinization and rehydration were performed
prior to staining. Antigen retrieval was performed using citrate
antigen retrieval solution (Beyotime, Nanjing, China) according to
the manufacturer’s protocol. To inhibit endogenous hydrogen
peroxidase activity, 3% H,0, was applied for 10 min, followed by
rinsing with PBS. The slides were then treated with appropriate
primary antibodies, including anti-y-H2AX (1:200, ab22551,
Abcam, MA, USA) and anti-Ki-67 (1:200, ab16667, Abcam, MA,
USA). Beyotime (Nanjing, China) provided the secondary anti-
bodies against mice or rabbits.

2.14.  Statistical analysis

GraphPad Prism 7.0 software (San Diego, CA, USA) was applied
for statistical analysis, and the results are presented as the
mean + SD. The two medication combinations’ isobologram was
analyzed using the CompuSyn 2.0 program (ComboSyn, NJ,
USA)™. The variables of the two groups were compared using the
two-tailed Student’s #-test, and ANOVA was used for comparisons
across multiple groups. Statistics were considered significant
when P values were below 0.05.

3. Results

3.1. Combined drug screening identified compounds exerting
synergistic anti-tumor effects with enzalutamide in TNBC

The expression level of AR protein in five TNBC cell lines was
detected first. Hs578T and BT549 cell lines were chosen for
further study because of the higher expression level of AR protein
compared to others (Supporting Information Fig. S1). We refer to
the high-throughput drug combination screening method and
introduce the Sensitivity index (SI) score to evaluate the impact of
synergies’'. The SI score refers to the difference between the
predicted and actual combined effects. The proliferation rate of
cells treated with DMSO was applied as the internal control (Pd).
The predicted combined effect (PCE) is the product of the relative
proliferation rate of cells treated with enzalutamide (Pe) and a
library drug (Pl). The actual combined effect (ACE) was the
relative proliferation rate of cells treated with enzalutamide in
combination with a certain library drug (Pc, Fig. 1A). The

working dose of enzalutamide was determined via CCK-8 assay at
first, and the results demonstrated that the appropriate concen-
tration of enzalutamide in Hs578T was 20 umol/L, and 50 umol/L
in BT549 cells (Supporting Information Figs. S2A and S2B). In
order to calculate the SI score for each drug in the library, Hs578T
cells were treated as follows: DMSO, 20 umol/L enzalutamide,
1 pmol/L library drug, and the combination of 20 pmol/L enza-
lutamide and 1 pmol/L library drug. Similarly, the following
treatments were applied to BT549 cells: DMSO, 50 pumol/L
enzalutamide, 1 pmol/L library drug, and the combination of
50 pmol/L enzalutamide and 1 pmol/L library drug. An SI score
ranging from O to 1 indicates a synergistic effect between enza-
lutamide and a specific drug, while an SI score between 0.12 and 1
suggests a strong synergy. The results showed that 11 drugs in
Hs578T and 23 drugs in BT549 cells had strong synergistic effects
with enzalutamide (Fig. 1B). Moreover, seven drugs, including
MK-8776, Ro-3306, CCT245737, KRpep-2d, CCT129202,
CCT137690, and EHop-016, displayed potential synergistic ef-
fects with enzalutamide in both Hs578T and BT549 cells
(Fig. 1C). Among them, MK-8776 has the relatively high and
stable value in both Hs578T and BT549 cells (0.37 in Hs578T,
0.33 in BT549) compared with other agents (Fig. 1D).

3.2.  Characterization of the anti-TNBC impact of the combined
use of enzalutamide and MK-8776

CCK-8 assay was utilized to validate the synergism of MK-8776
(Fig. 2A) and six other agents (Supporting Information Figs. S3A
and S3B) in combination with enzalutamide further. CHKI, an
important cell cycle checkpoint kinase responsible for the regu-
lation of the cell cycle and DNA damage response, is tightly
involved in the progression of TNBC****. Thus, MK-8776, the
typical inhibitor of CHK1, was selected for further study owing to
its stable value and significant synergism with enzalutamide in
both Hs578T and BT549 cells. Subsequently, the cell viability of
Hs578T and BT549 cells treated with a 5-by-5 dose titration
matrix of enzalutamide and MK-8776 was used to calculate the
drug combination index (CI). When the CI value is under 1.0, it is
considered to have a combined effect. In the Fa-CI plots, the
majority of the dots (each dot represents a combination of a
particular concentration of two drugs) had a CI value below 1.0
(Fig. 2B), indicating that enzalutamide and MK-8776 interacted in
a synergistic manner. Moreover, we employed typical synergy
models (HSA and Bliss) to estimate the HSA and Bliss values,
which are a readout for synergistic inhibition and show the
discrepancy between expected and observed inhibition®'~**. The
majority of the HSA and Bliss values exceeded 0, showing that the
two drugs interacted synergistically (Fig. 2C). These data
confirmed that the two agents’ combination had a greater inhibi-
tory effect on TNBC cell proliferation than either treatment alone
produced in various models.

3.3.  Enzalutamide and MK-8776 synergistically inhibited TNBC
cell viability and migration

CHKI is a serine/threonine-protein kinase that is responsible for
the activation of cell cycle checkpoints, and MK-8776 is an
important and selective inhibitor of CHKI1. Based on this, we
assumed that the synergy of the two agents might be involved in
the regulation of the cell cycle. Using flow cytometry assays, we
observed that more cells were blocked in the G2/M phase in the
combined use of enzalutamide and MK-8776 group than in the
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Figure 2  Characterization of the anti-TNBC impact of the com-

bined use of enzalutamide and MK-8776. (A) The viability of Hs578T
and BT549 cells treated with enzalutamide, MK-8776, or both was
detected by CCK-8. (B) Analysis of the interaction between enzalu-
tamide and MK-8776 and the resulting Fa-CI plots (fraction affected
combination Index). (C) Combeneft-created synergy graphs display-
ing the interaction of enzalutamide and MK-8776. HSA (high single
agent) values and bliss values from the interaction analysis showed
synergistic efficacy based on predicted and actual growth suppression.
Values over 0 for HSA and bliss imply synergistic effects. Data are
presented as mean £ SD (n = 3), *P < 0.05, **P < 0.01,
**xP < 0.001.

control, enzalutamide, or MK-8776 groups (Fig. 3A and B). The
arrest of the cell cycle might, in turn, contribute to massive cell
apoptosis. We found that the combination of enzalutamide and
MK-8776 aggravated cell apoptosis compared to the mono-drug
groups (Fig. 3C and D). In addition, the combination group
exhibited increased BAX expression but decreased BCL-2
expression (Supporting Information Figs. S4A and S4B). Apart
from checkpoint activation, CHK1 is involved in the DNA damage
response by the homologous recombinational repair (HRR)
pathway””. In order to explore the influence of the drug combi-
nation on DNA damage, we detected the expression of the DNA
damage marker protein y-H2AX. As the results showed, the single
application of enzalutamide had little effect on the expression of
v-H2AX, while the treatment of MK-8776 promoted it. Interest-
ingly, the combination of enzalutamide and MK-8776 accelerated
the most protein expression of y-H2AX in TNBC cells (Fig. 3E

and F). The damage to DNA activates the DNA damage repair
pathway, which is associated with repair proteins, including
RADS50, RADS1, and DNA-PKcs. No matter whether the drugs
were used alone or in combination, the protein expression of
RADS50 and DNA-PKcs was not changed obviously, whereas the
expression of RAD51 was reduced remarkably in the combination
group (Fig. 3E and F). Moreover, the introduction of RADS51 in
the combination group, however, reversed the synergism on DNA
damage of drugs by elevating the expression of RADS51 and
reducing y-H2AX expression levels (Supporting Information Fig.
S5A and S5B). These results indicated that the combination of
MK-8776 and enzalutamide might exert a synergistic role by
inhibiting the expression of RAD51, enhancing DNA damage, and
subsequently inducing more apoptosis in TNBC cells.

Due to TNBC being aggressive and metastatic, repressing the
invasion and distant metastasis of tumor cells holds crucial ther-
apeutic importance. Transwell and wound healing assays were
used to clarify the combined effect of enzalutamide and MK-8776
on cell migration and invasion. The Transwell assay revealed that
the combination group significantly suppressed cell migration
(Fig. 4A and B) and invasion (Fig. 4C and D) compared to the
control group and monotherapy groups. Meanwhile, the migrated
ability of TNBC cells was also determined by wound healing
assay, and the results shared a similar trend with the Transwell
assay (Fig. 4E and F). The expression of migration-related pro-
teins, such as MMP-9, MMP-2, Vimentin, and E-cadherin, was
further detected. Enzalutamide or MK-8776 application restrained
MMP-9, MMP-2, and Vimentin expression while enhancing
E-cadherin expression. However, their combined application
exhibited more pronounced alterations in their expression levels
(Fig. 4G and H). This suggests that the combination of enzaluta-
mide and MK-8776 may more effectively inhibit tumor cell in-
vasion and metastasis by modulating MMP-9, MMP-2, Vimentin,
and E-cadherin expression levels. These findings revealed that the
combination of enzalutamide and MK-8776 repressed the migra-
tion and invasion of TNBC cells more effectively than a single
agent, confirming their synergistic effects.

3.4.  Characterization and efficacy of HUnE&M @H
nanoparticles

Although the combination of enzalutamide and MK-8776 has
shown good anti-tumor effects in TNBC, the simple addition of
two agents usually leads to inconsistent drug distribution, under-
mining treatment efficiency in vivo . In order to resolve this
problem, nanomaterials capable of preferential accumulation in
tumors through the enhanced permeability and retention (EPR)
effect were introduced to reduce off-target effects on other tissues
and organs. Hollow MnO, (HMnO,, also known as HMn), char-
acterized by a hollow structure with pores on the surface
responsible for drug loading, reacts with glutathione (GSH) in the
acidic TME. This reaction leads to its degradation into Mn?+,
subsequently facilitating drug release. HMnO, was used to
simultaneously load enzalutamide and MK-8776 for drug de-
livery”. Firstly, monodisperse silica nanoparticles with a diameter
of about 60 nm were synthesized (Fig. 5SA) and coated with a
common reducing agent, polydopamine (Fig. 5B). Subsequently,
oxidation by KMnO, generated a layer of MnO,, eventually
leading to the production of HMnO, through sodium hydroxide
etching (Fig. 5C). X-ray photoelectron spectroscopy (XPS) was
used to identify the main constituents in order to further confirm
the validity of HMnO, nanoparticles. As XPS analysis showed,
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24 h. (C) and (D) Flow cytometry analysis of the proportion of apoptotic Hs578T and BT549 cells treated for 24 h with enzalutamide, MK-8776,
or both. (E) and (F) The protein expression of CHK1, p-CHK1, AR, DNA damage-related protein (y-H2AX), and DNA damage repair-related
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**#%P < 0.001; ns, not significant.

HMnO, revealed a spin energy span of 11.7eV between Mn (IV)
2p3/2 and Mn (IV) 2p1/2 (Fig. 5D), indicating the +4-valence
state of manganese in the nanoparticles. The nitrogen adsorption
results showed that the average pore size of HMnO, is 5.12 nm
(Fig. 5E), indicating that the synthesized HMnO, has a larger
specific surface area and is an appropriate carrier for drug de-
livery. HA coating can specifically improve the stability and tar-
geting ability of nanomaterials; thus, it has been linked to the
HMnO, surface (termed as HMn@H)?"**. The change of average
Zeta potentials of MnO,, HMnE&M, and HMnE&M @H (—19.27,

3), ¥*P < 0.05, **P < 0.01,

—15.80, and —23.23 mV) indicated the successful loading of the
drugs and the encapsulation by HA (Supporting Information
Fig. S6A). The HMnE&M@H hydrodynamic size was slightly
larger than HMnO, before loading (Figs. S6B and S6C) as
measured by dynamic light scattering (DLS). In addition, we
investigated the stability of HMnE&M@H in various media (sa-
line, PBS, and medium containing 10% FBS), and the diameter of
it remained unchanged during 72 h (Fig. S6D), suggesting its
stability. Furthermore, low hemolysis rates were verified for
HMnE&M@H (Supporting Information Fig. S7), indicating its
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Figure 4  Enzalutamide and MK-8776 synergistically inhibited TNBC cell migration and invasion. (A) and (B) Transwell assays were utilized

to examine the migratory capabilities of Hs578T and BT549 cells after the treatment of enzalutamide, MK-8776, or enzalutamide and MK-8776.
(C) and (D) The cell invasion of Hs578T and BT549 cells was detected using a transwell assay. (E) and (F) The scratch wound assay was applied
to examine the cell migration in indicated groups of Hs578T and BT549 cells. (G) and (H) The expression of E-cadherin, Vimentin, MMP-9, and

MMP-2 in indicated groups (DMSO, enzalutamide 30 pmol/L, MK-8776
cell lines. Scale bar = 100 um. Data are presented as mean £+ SD (n

excellent blood compatibility. The optimal mass ratios of HMnO,
to enzalutamide (1:2) and HMnO, to MK-8776 (1:4) were
determined to achieve the highest drug loading ratios of 59.4%
and 54.1%, respectively, as demonstrated by the supernatant assay
(Fig. 5F). In PBS (pH 7.4), negligible drug release was detected
within 12 h. However, in the presence of 10 mmol/L. GSH (pH
5.5), 88.5% enzalutamide and 92.3% MK-8776 were released,
indicating pH/GSH-responsive drug release (Fig. 5G). Besides,
HA coating did not significantly influence the drug release effi-
ciency of HMnE&M®@H (Supporting Information Fig. S8).
HMnO, labeled with Cy7 (HMn@H-Cy7) was applied to evaluate
the uptake of HMnO, by TNBC cells. Confocal microscopy
confirmed the absorption of HMn@H-Cy7 by Hs578T, BT549,
and 4T1 cells, indicating the potential of HMnO, as a delivery
vehicle (Fig. 5H). Additionally, flow cytometry using labeled Cy7

2 umol/L, and enzalutamide 30 pmol/L. + MK-8776 2 pmol/L) of both
3), *P < 0.05, **P < 0.01, ***P < 0.001.

fluorescent  signals demonstrated higher absorption of
HMnE&M@H by TNBC cells compared to HMnE&M
(Supporting Information Fig. S9A-S9C), confirming enhanced
tumor-targeting ability with HA-coated nanoparticles. Moreover,
in the MTT assay, HMnE&M @H demonstrated stronger cytotoxic
effects than HMnE&M  (Supporting Information  Fig.
S10A—S10C), suggesting that HA coating might augment the
cytotoxicity of nanoparticles. We measured the cell viability of
Hs578T, BT549, and 4T1 cells following treatment with
HMnE@H, HMnM@H, or HMnE&M@H. Among these,
HMnE&M@H demonstrated greater lethality in tumor cells
compared to the other groups, and the SI scores were all above
0.12 (Fig. 5I). This highlights the synergistic effects of
HMnE&M@H. Additionally, the direct combination of enzaluta-
mide and MK-8776 also attenuated TNBC cell viability; however,
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Figure 5 Characterization and efficacy of HMnE&M@H nanoparticles. TEM images of SiO, (A), SiO,@PDA@MnO, (B), and HMnO,

(C) nanoparticles. Scale bar = 100 nm. (D) XPS analysis of HMnO, nanoparticles. (E) BET analysis of HMnO, nanoparticles. (F) Quantification
of enzalutamide and MK-8776 loadings at different concentrations. (G) Percentages of released enzalutamide and MK-8776 from HMnE and
HMnM, respectively, in different conditions after 12 h. (H) Confocal images of three TNBC cell lines treated with HMn@H-Cy7. Blue represents
DAPI, and red represents Cy7 fluorescence. Scale bar = 40 pum. (I) Cell viability and SI scores of Hs578T, BT549 and 4T1 cells treated with
HMnO,@H, HMnE@H (30 pmol/L enzalutamide), HMnM@H (2 pmol/L. MK-8776), and HMnE&M @H (30 umol/L enzalutamide + 2 pmol/L
MK-8776). (J) Cell viability of TNBC cells treated with simple drug combination E&M (30 pmol/L enzalutamide + 2 pmol/L MK-8776) and

HMnE&M@H (30 pmol/L enzalutamide + 2 pmol/L MK-8776). Data are presented as mean £ SD (n = 3), *P < 0.05, **P < 0.01,

%P < 0.001.

the treatment of HMnE&M@H, which was fabricated by using
HMnO, to load them simultaneously, had a stronger anti-tumor
effect (Fig. 5J). As shown in Supporting Information Fig. S11A
and S11B, treatment with HMnE&M@H induced the most se-
vere apoptosis in Hs578T and BT549 cells, indicating the fabulous
tumor-suppressing effects of HMnE&M@H. The influence of
nanoparticles on the DNA damage response was also examined.
With the treatment of HMnE&M@H, the level of DNA damage
marker protein y-H2AX was elevated more significantly than the
E&M-treated group, while other groups had little y-H2AX
expression. Notably, the DNA damage repair marker protein
RADS5]1 level was reduced obviously in the HMnE&M @H-treated
group, suggesting that HMnE&M@H might exert its anti-tumor
role by promoting DNA damage and inhibiting the DNA repair
process (Supporting Information Fig. S12A and S12B).

3.5.  Invivo anti-tumor effects of HUnE&M@H

In order to estimate the anti-tumor effects of this nanoparticle, its
biodistribution was detected first. With the treatment of HMn-

E&M@H-Cy7, it can be seen that the Cy7 fluorescence signals are
mainly enriched within the tumor region at 1, 4, 8, and 24 h. In the
HMnE&M-Cy7 group, the fluorescence signals can be observed in
tumors; however, they were also widely present in other regions,
especially at 1, 4, and 8 h (Fig. 6A). Despite HMnO, reaching tu-
mors through the EPR effect, it also spread widely to other regions.
The HA modification significantly improved the tumor targeting of
the nanoparticle, leveraging HA’s capacity to target CD44 in tu-
mors™. Subsequently, after 24 h, the primary organs were harvested
to observe the distribution of nanoparticles. As shown in Fig. 6B,
HMnE&M @H-Cy7 was accumulated in the tumor more obviously
than HMnE&M-Cy7. Inductively coupled plasma (ICP) was
applied to analyze the biodistribution of Mn in the tumor and pri-
mary organs. It was found that Mn aggregated not only in the tumor
but also in the liver, lung, and kidney (Supporting Information
Fig. S13), which might reflect the metabolic pathways of nano-
materials. Owing to the outstanding imaging capability of HMnO,
in the magnetic resonance imaging (MRI) system, the accumulation
of HMnE&M @H in the tumor location was easily detected by MRI
after intravenous injection. As shown in Fig. 6C, prior to the
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Figure 6  In vivo anti-tumor effects of HMnE&M @H. (A) and (B) In vivo and ex vivo (1: heart; 2: lung; 3: liver; 4: kidney; 5: spleen; 6: tumor)
fluorescence images of 4T1 tumor-bearing mice taken at different time points post intravenous injection of HMnE&M @H-Cy7 and HMnE&M-
Cy7. (C) In vivo T1-weighted MR images after intravenous injection with HMnE&M @H nanoparticles. (D) Tumor size, (E) Tumor volume, and
(F) Tumor weight of each treatment group. Data are presented as mean £ SD (n = 6), **P < 0.01, ***P < 0.001. (G) The protein expression of
v-H2AX and RADSI of subcutaneous tumor after various treatments. Data are presented as mean + SD (n = 3), *P < 0.05, **P < 0.01,
*##%P < 0.001. (H) The expression of Ki-67 and y-H2AX of subcutaneous tumor in each group. Scale bar = 100 um. (I) The body weight of mice
in each treatment group. (J) and (K) Bioluminescence imaging and HE staining revealed that HMnE&M@H inhibited lung metastasis of
circulating 4T1 cells. Left: Scale bar = 2000 pum, Right: Scale bar = 500 pm. Data are presented as mean + SD (n = 5), *P < 0.05.

injection of the nanoagent, the tumor area showed signal intensity Subsequently, the mice were divided into six distinct treatment
similar to that of the adjacent tissues on T1-weighted imaging. groups randomly (PBS, HMn@H, HMnE@H, HMnM@H,
However, T1-weighted imaging of the tumor area was significantly HMnE&M@H, and enzalutamide and MK-8776 (E&M)), and
enhanced after the intravenous injection of HMnE&M@H. This were treated every other day for two weeks. Tumor weight and
phenomenon directly demonstrated the absorption of size were assessed. The HMnE&M@H group demonstrated the
HMnE&M @H by tumors and highlighted the potential application most significant suppression of tumor growth compared to the
of manganese dioxide nanoshells for tumor-specific imaging. groups receiving HMnE@H, HMnM@H, or the two-drug
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combination (Fig. 6D—F), highlighting the outstanding anti-tumor
effect of HMnE&M@H in vivo. In order to verify whether the
nanoparticles HMnE&M@H can effectively stabilize the carried
drugs and accurately deliver both drugs to tumor tissues at the
intended 1:4 ratio (MK-8776: enzalutamide), we detected the drug
concentrations in tumor tissues after the treatment with
HMnE&M@H. The dose of MK-8776 was around 76.05 mg/kg,
and enzalutamide was approximately 324.76 mg/kg (Supporting
Information Fig. S14), resulting in a ratio of 1:4.27 (MK-8776:
enzalutamide), close to our designed 1:4 ratio. Accordingly,
HMnE&M@H can effectively stabilize the carried drugs and
accurately deliver both drugs to tumor tissues at the intended ratio
in vivo. The influence of HMnE&M@H on DNA damage was also
detected in tumor tissues, and HMnE&M@H most effectively
resulted in the increase of y-H2AX and reduction of RAD5I1
(Fig. 6G). IHC results indicated that HMnE&M@H caused the
most significant DNA damage compared to other groups and most
effectively inhibited the expression of proliferation marker Ki-67
(Fig. 6H). Notably, the change in mice weight was similar be-
tween the HMnE&M@H and control groups, suggesting the
safety of the nanoparticles (Fig. 6I). In addition, healthy mice
injected with HMnE&M@H were sacrificed for blood collection
at O (applied as a control), 1, 3, and 7 days to detect biochemical
indexes, including alkaline phosphatase (ALP), alanine amino-
transferase (ALT), aspartate aminotransferase (AST), creatinine
(CREA), total protein (TP), and urea nitrogen (UREA) levels. No
significant differences were discovered (Supporting Information
Fig. S15). These findings indicate that HMnE&M@H has little
toxic effect on liver and kidney function. Besides, HE assays
showed no obvious pathological changes in primary organs after
the indicated treatments (Supporting Information Fig. S16), sug-
gesting the biosafety of HMnE&M@H. We then investigated
whether HMnE&M@H could serve as a therapeutic approach for
metastatic TNBC cells. Murine models of breast cancer lung
metastasis were established via tail-vein injection of 4T1-luc cells.
Mice were treated with PBS, E&M, and HMnE&M@H. Biolu-
minescence imaging of the lung indicated the in vivo metastatic
potential of 4T1 cells. Reduced ROI values were observed in the
lungs with 4T1-luc metastasis in the E&M group treated with a
simple combination of two drugs, while the reduction was more
pronounced in the HMnE&M@H group (Fig. 6J). Subsequently,
lung tissues were harvested, and HE staining was conducted to
visualize metastatic sites (Fig. 6K). The lung metastasis model
demonstrated that HMnE&M@H significantly impaired the
metastasis of circulating cancer cells. Collectively, the nano-
particle HMnE&M@H is a very promising targeted drug for
TNBC therapy due to its excellent anti-tumor effects and minimal
side effects in vivo.

4. Discussion

Identifying druggable biomarkers and improving targeting activity
has been a crucial pursuit in the field of oncology. Breast cancer
has risen to be the malignancy with the highest female morbidity
globally; however, hormone therapy and anti-HER2 treatment
have proven efficacious for a majority of breast cancer patients.
Nevertheless, chemotherapy remains the foundation and even the
only choice for most TNBC patients. The lack of treatment op-
tions for TNBC easily contributes to quicker chemotherapy
resistance and side effects because of increased drug dosages.
Thus, there is an urgent need to identify novel prospective targets

for this targetless breast cancer subtype and establish effective
delivery to the tumor sites.

Our previous research demonstrated that androgen was the po-
tential modulator in the proliferation and progression of AR-
positive breast cancer cell lines’™*'. A phase II clinical trial
MDV3100-11 demonstrated clinical activity and good tolerance of
androgen inhibition among AR-positive TNBC patients; however,
over 80% of participants discontinued because of disease progres-
sion®”. The above reports suggested the efficacy of anti-AR as well
as the demand to synergize the clinical efficacy of anti-AR-based
regimens. Some preclinical data have revealed that AR is associ-
ated with various intracellular signaling pathways, including cell
cycle pathways and multiple key proteins, such as BRCA1 and
BRCA2. After summarizing the biological functions of these key
proteins, we concluded that cell cycle regulation might be the
pivotal mechanism by which AR influences the growth and pro-
gression of AR-positive TNBC''. Therefore, we performed
screening on cell cycle drugs to identify the specific agents that
synergize with enzalutamide to enhance its anti-cancer effects. In
the current research, we revealed that the selective CHK1 inhibitor
MK-8776 has strong synergistic effects with enzalutamide in TNBC
cells by aggravating cell apoptosis and inhibiting cell migration and
invasion. CHK1 is the core protein of cell cycle checkpoints. Its
deficiency renders tumor cells more sensitive to radiotherapy and
chemotherapy****. Some reports have demonstrated that CHK1
inhibitors have a “synthetic lethal” effect when combined with other
small-molecule targeted drugs***°. Furthermore, compared to non-
TNBC tissues, CHK1 is markedly upregulated in TNBC tumor
tissues*®. Therefore, targeting CHK1 by MK-8776 in TNBC might
be a convincing strategy to increase the efficacy of enzalutamide.

DNA damage response (DDR) is a term for a coordinated
cellular mechanism that mitigates DNA damage accumulation and
protects genomic integrity*’. Moreover, DDR also exerts a critical
role in the initiation and development of TNBC*. In DDR, CHK1
is a key signal sensor triggering cell cycle checkpoint activation.
Besides, CHK1-mediated checkpoints can lead to the resistance of
tumor cells to the cytotoxicity of chemotherapy. Thus, CHKI1 in-
hibitors have been developed as chemical sensitizers to boost the
cytotoxicity of agents*. Interestingly, we found the combination of
enzalutamide and MK-8776 induced the most DNA damage,
while the treatment of enzalutamide caused minor damage. How-
ever, the DNA damage repair protein RADS51 was downregulated
obviously in the combination group. This may explain why the
application of enzalutamide only triggered slight DNA damage but
was reversed thoroughly by the combination of MK-8776. From
these results, we speculated that the improved DNA damage repair
progression might be responsible for the resistance of AR inhibi-
tion (such as enzalutamide) in ARTTNBC patients, whereas
targeting CHK1 (such as MK-8776) could abolish it and lead to the
tumor suppression of TNBC.

Nevertheless, drug combination therapy based on the simple
addition of two preparations usually leads to inconsistent drug
distribution in vivo and affects treatment efficiency due to the unique
pharmacokinetic characteristics, biological interference, and
membrane transport characteristics of different drug molecules.
Therefore, simultaneous encapsulation of different drugs within
nanomaterials has garnered significant attention. Different from
organic nanoparticles, such as PLGA and liposome, inorganic
nanoparticle MnO, has attracted substantial attention owing to their
stronger mechanical stability and multiple unique advantages.
MnO, is a TME-specific responsive nanoparticle, as it undergoes
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degradation through reactions with either H" or GSH present within
the TME, thus enhancing its tumor-targeting capability. Meanwhile,
MnO, nanoparticles have high biosafety without long-term toxicity
concerns””". It can be decomposed into water-soluble Mn*" in vivo
and then metabolized by the kidneys. TME is always hypoxia.
However, MnO, nanoparticles can induce the decomposition of
H,0, within the TME into oxygen and water, thus improving the
hypoxic environment and inhibiting tumor growth® >, In addition,
MnO, has a great advantage in imaging ability relying on the Mn>*
ions decomposed from them, which are able to enhance the T1-
magnetic resonance imaging (MRI) and then improve specific im-
aging and detection for tumor region”™*. In light of that, for better
in vivo application, we developed a new HMnE&M @H nano plat-
form based on HMnO, nanoshells to load enzalutamide and MK-
8776 simultaneously. This nanoparticle could stabilize its cargoes
in vivo and release enzalutamide and MK-8776 accurately in the
tumor region, thus improving the targeting and efficacy of the drug
combination.

5. Conclusions

In summary, our findings demonstrated the synergistic anti-tumor
effect of enzalutamide and MK-8776 in AR"TNBC by using the
drug combination screening method. Based on the screening results,
we developed a nanoparticle (HMnE&M@H) simultaneously
loaded with enzalutamide and MK-8776 to manage precise medi-
cation in the tumor site, thus improving the efficacy and targeting of
the drug combination. Therefore, applying the drug combination
screening method to screen out synergistic agent combinations and
subsequently using appropriate materials, such as nanomaterials,
for their encapsulation may represent a viable strategy for devel-
oping novel anti-tumor drugs. Consequently, our study constructed a
nano drug delivery system HMnE&M @H as a potential therapeutic
strategy for the targeted therapy of AR*TNBC patients.
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