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Abstract: Background: Acquired resistance and adverse effects are some of the challenges faced by
thousands of Luminal A breast cancer patients under tamoxifen (TMX) treatment. Some authors
associate the overexpression of HOXB7 with TMX resistance in this molecular subtype, and the knock-
down of this gene could be an effective strategy to regain TMX sensitivity. Therefore, we used calcium
phosphate hybrid nanoparticles (HNP) for the delivery of short interfering RNA molecule (siRNA)
complementary to the HOXB7 gene and evaluated the RNA interference (RNAi) effects associated
with TMX treatment in breast cancer in vivo. Methods: HNP were prepared by the self-assembly of a
methoxy-poly (ethylene glycol)-block-poly (L-glutamic acid) copolymer (PEG-pGlu) and the copre-
cipitation of CaPOj to incorporate siRNA. The in vitro cell viability and migration were evaluated
prior to in vivo experiments. Further, animals bearing early-stage and advanced Luminal A breast
cancer were treated with HNP-siHOXB7, HNP-siHOXB7 + TMX, and TMX. Antitumoral activity and
gene expression were evaluated following histopathological, hematological, and biochemical analysis.
Results: The HNP were efficient in delivering the siRNA in vitro and in vivo, whilst HOXB? silencing
associated with TMX administration promoted controlled tumor growth, as well as a higher survival
rate and reduction in immuno- and hepatotoxicity. Conclusions: Therefore, our findings suggest that
HOXBY can be an interesting molecular target for Luminal A breast cancer, especially associated with
hormone therapy, aiming for adverse effect mitigation and higher therapeutic efficacy.

Keywords: breast cancer; tamoxifen; hybrid nanoparticles; RNA interference; siRNA

1. Introduction

Breast cancer is currently the most common type of cancer affecting women worldwide.
Even more concerning, the mortality rate of this disease grows every year [1]. Traditional
treatments of cancer, such as surgery, radio-, and chemotherapy, were introduced prior
to the 1970s and still play a major role in the cancer approach. However, hormone ther-
apies that pharmacologically alter oncogenic pathways have advanced in recent years.
Furthermore, it was only at the turn of the century that FDA-approved specific and targeted
therapies, such as the use of monoclonal antibodies and antibody-drug conjugates, gained
relevance [2]. Currently, several strategies are being studied, but specific genetic alterations
can be achieved via gene editing and RNA interference therapy.
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Among breast cancer molecular subtypes, Luminal breast cancer (positive hormone
receptor molecular subtype) is responsible for approximately 70% of all breast cancer cases,
which justifies the need for novel therapeutic approaches against this tumor type [3]. In
most cases, hormone therapy is the recommended treatment, and the first-line medicine
used for this molecular subtype is TMX, a selective estrogen receptor, that, in breast
tissue, acts as an antagonist that blocks the proliferation signaling pathway activated by
this receptor [3]. However, acquired resistance is frequent, and 40% of recurrences do
not respond to endocrine therapy [4]. Among some molecular mechanisms that lead to
endocrine resistance, the enhanced activity of EGFR/HER2, ER, and MAPK pathways by
HOXBY? overexpression has been highlighted [4]. A high expression of the HOXB7 gene is
associated with tumorigeneses, angiogenesis, cell invasion, proliferation, and survival, as
well as the evasion of TMX blockage [5-9]. In addition to TMX resistance, adverse effects
caused by this therapeutic agent also raise immunological, health, and aesthetic concerns.

The first RN Ai-based medicines have been approved by regulatory organs in 2018 [10].
Medicines based on the RNAI effect comprise a post-transcriptional gene expression regu-
lation and consist of the delivery of a small double-stranded RNA, which acts by cleaving a
target messenger RNA (mRNA) with the help of an intracellular ribonucleoprotein complex.
To achieve the sequence-specific effect in a targeted organ, synthetic molecules known
as siRNA must surpass several biological barriers to enter the cell cytoplasm [11]. Fur-
thermore, direct administration of the siRNA in the bloodstream leads to rapid clearance,
unspecific interactions, and enzymatic degradation. Therefore, to ensure siRNA delivery
and RNAI effect, the use of nanoparticles as carriers has been an effective strategy to
protect the nucleic acid and assure not only cellular uptake but also endosomal escape and
cytoplasmic release [12].

The application of nanotechnology in the biomedical and pharmaceutical fields is ex-
plored in the construction of smart nanocarriers. Currently, many studies demonstrate the
use of nanoparticles of different materials as drug delivery systems. Nanoparticles made
only with organic materials (such as polymeric micelles, liposomes, solid lipid nanoparti-
cles, and chitosan nanoparticles), with inorganic materials (such as iron oxide nanoparticles
and gold nanoparticles), or with a mixture of both materials (hybrid nanoparticles), have
been studied as drug delivery systems for breast cancer treatment [13-18]. Similarly, several
nanoparticles show improved characteristics to be used to deliver siRNNA [18,19].

Among a diversity of delivery systems, hybrid nanoparticles composed of an inorganic
calcium phosphate core covered by PEG-block-polyanionic copolymers are a promising
strategy for delivering genetic material. In animal models, these nanocarriers could avoid
severe immune response, unspecific macromolecule interactions, nuclease degradation, and
off-target accumulation while promoting passive endothelial penetration and endosomal
escape with negligible toxicity [20-23]. Thus, this work aimed to apply these hybrid
nanoparticles to deliver siRNA molecules to human breast cancer tumors in nude mice and
assess the effects of HOXB7 gene silencing with and without TMX cotreatment in vivo.

2. Results
2.1. Hybrid Nanoparticle Preparation, Characterization, and Purification

Hybrid nanoparticles were prepared via the self-assembly of PEG-pGlu in the presence
of Ca*? and phosphate ions. Nanoparticles containing HOXB7 siRNA (HNP-siHOXB?)
and without siRNA molecules (HNP-mock) were prepared and further characterized.
Macroscopically, a translucent and precipitate-free dispersion was obtained. Figure 1
shows the size distribution by intensity of HNP-siHOXB7 and HNP-mock. The mean
hydrodynamic diameter, polydispersity index (PDI), and Zeta potential are presented in
Table 1.
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Figure 1. Size distribution curve of HNP-siHOXB7 (A) and HNP-mock (B) by intensity. Each curve in

a different color represents one single measurement (n = 9).

Table 1. Mean hydrodynamic diameter, polydispersity index (PDI), and Zeta potential of hy-
brid nanoparticles.

H).Idrodynamlc PDI Zeta Potential (mV)
Diameter (nm)
HNP-siHOXB?7 744 +55 0.1 +0.03 —1.16 £ 0.95
HNP-mock 822+ 145 0.1 £0.02 —0.86 0.1

Results are expressed as mean =+ standard error of the mean (n = 3).

DLS technique revealed a unimodal size distribution (Figure 1) that, in combination
with a PDI of 0.1 for both samples, indicates a unimodal distribution. HNP-siHOXB7 and
HNP-mock presented mean hydrodynamic diameters of 74.4 and 82.2 nm, respectively,
and a Zeta potential close to zero. Furthermore, to eliminate excess calcium ions for in vivo
application, HNP were submitted to a purification process and were further character-
ized. As observed in Table 2, the original properties of both HNP were not altered, and
nanoparticles were suited for systemic applications even 6 days after purification.

Table 2. Mean hydrodynamic diameter and polydispersity index (PDI) of hybrid nanoparticles before
and after the purification process.

Hydrodynamic Diameter (nm) PDI
Before After 6 d.a. 17 d.a. Before After 6 d.a. 17 d.a.
HNP-mock 79.83 £ 0.03 78.38 £ 0.2 82.57 £0.33 8844 +£046* 0.08£0 0.08+0 0.08 £0 0.07£0
HNP-siHOXB7  70.78 £ 0.03 68.08 + 044 714 +£0.25 73.66 £0.27 % 0.07£0 0.06 £0 0.06 £0 0.06 £0

d.a.: days after purification. Results are expressed as mean + standard error of the mean (n = 3). ANOVA followed
by Bonferroni (* p < 0.05).

Transmission electronic microscopy (TEM) resulted in a similar outcome compared
to other studies [21-24]. A homogeneous and spherical morphology for the nanoparticles
was observed (Figure 2). Furthermore, siRNA encapsulation efficiency (EE) by the HNP
containing 1000 pug/mL of PEG-pGlu was 52.5 & 2.9%.
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Figure 2. Representative images of hybrid nanoparticles by TEM. (A) Scale bar = 500 nm and (B) scale
bar = 100 nm.

Also, the colloidal stability of HNP stored at 4 °C was evaluated for 180 days (Supplementary
Figure S1). At the end of the experiment, no significant differences (p > 0.05) were observed
regarding HNP-siHOXB? size and PDI comparing days 1 and 180 (Supplementary Table S1).
HNP-mock particles remained stable until day 80; however, at the end of the experiment,
the particle size showed a slight increase (p < 0.05).

The cell entry route of most nanoparticles is the endocytic pathway [19,25]. Some
authors have already confirmed that similar HNP were internalized by endocytosis and
were able to promote endosomal escape and cytoplasmic siRNA release [21]. Here, HNP
were submitted to pH conditions to mimic the endosomal environment. Figure 3 shows
that HNP dispersion is stable at physiological pH of approximately 7.2; however, in acidic
conditions, a high destabilization and size increase, most likely due to HNP aggregation, is
observed (p < 0.05).

800 -
* L 1.00
600+
L 0.75
)
400 L 050 &
200+ L 0.25
-m HNP-siHOXB7
—@— HNP-mock
0 | | | T L] T 000
4.0 45 5.0 5.5 6.0 6.5 7.0 75

pH

Figure 3. Stability of HNP-siHOXBY? (square, n = 3) and HNP-mock (circle, n = 3) after exposure
to acid pH. Mean hydrodynamic diameter (black) and PDI (dark red). Results are expressed as
mean = standard error of the mean. ANOVA followed by Bonferroni (* p < 0.05).
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Finally, freeze-drying stability was also assessed aiming for a longer storage period
and future transportation of the formulations. To avoid HNP aggregation and the loss
of its original properties during this process, sucrose 10% was added to the dispersion
as a cryoprotector. After freeze drying, HNP were resuspended in Milli-Q water and
reanalyzed (Table 3). Both samples remained stable after resuspension, and no differences
in size and PDI were detected (p > 0.05). However, after 10 days of resuspension, the
cryoprotectant-added sample doubled in size and tripled PDI values (p < 0.05).

Table 3. Stability of hybrid nanoparticles before and after (1 day and 10 days) freeze-drying process
with and without cryopreservant.

Hydrodynamic Diameter (nm) PDI
Before After 10 d.a. Before After. 10 d.a.
HNP 6851 +02 7433+12  80.1 £0.55 0.03+0 0.15 £+ 0.03 0.17 +0.02
HNP + Sucrose 10%  81.21 £ 0.1 794 + 04 1516 £7* 0.18+0 019+0 0.66 £+ 0.07

d.a.: days after freeze drying process. Results are expressed as mean + standard error of the mean (n = 3). ANOVA
followed by Bonferroni (* p < 0.05).

2.2. Cell Viability

Cell viability was assessed in the Luminal A molecular subtype MCF7 cell line using
the MTT assay (Figure 4). After 24 and 48 h, a slight reduction in cell viability in the highest
concentration tested (p < 0.05) was observed. Most importantly, empty HNP and free
siHOXB? did not reduce viability in both times tested (p > 0.05).
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Figure 4. Cell viability of MCF7 cells (n = 6) by MTT assay after (A) 24 h and (B) 48 h. Results are
expressed as mean =+ standard error of the mean (n = 6). ANOVA followed by Bonferroni (* p < 0.05).

2.3. Cell Migration

Since the HOXBY gene is also related to migratory pathways, cancer cell migration
was assessed after treatment with HNP-siHOXB? by the scratch assay in the MCF7 cell
line. A significant difference in the free area was observed on HNP-siHOXB7-treated
cells (p < 0.05) 24 h after the treatment. Additionally, another expressive inhibition of
migration was observed 48 h after HNP-siHOXB? treatment. On the contrary, HNP-mock
and free siHOXBY7 groups presented scratch closure similar to the control group. After 48 h,
the HNP-siHOXB? treated group presented a free area of 52%, whereas control groups
fluctuated between 5 and 13% (Figure 5).
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Figure 5. Migration of MCF?7 cells after 6 h, 24 h, and 48 h of treatment (n = 3). (A) Graphic showing
the percentage of free area versus time of treatment and (B) Representative images of the scratch and
each treatment, showing the evolution of the same scratched area over time. Results are expressed as
mean =+ standard error of the mean. ANOVA followed by Bonferroni (* p < 0.05).



Pharmaceuticals 2024, 17, 1325

7 of 20

(v

Hemolysis (%)

2.4. Hemolysis Assay

Before animal experimentation, a hemolysis test was performed to evaluate any
possible toxicity to red blood cells by the HNP. Thus, different HNP concentrations were
evaluated visually by spectrophotometer and by optic microscopy (Figure 6). There was no
hemolytic activity promoted by the HNP-siHOXB7 or HNP-mock (p > 0.05) in any of the
tested concentrations, which indicates non-toxicity by the components of the nanoparticles
(Figure 6A,B). In accordance, positive control promoted hemolysis of the red blood cells
(p < 0.05) as observed both visually and by spectrophotometer (95%). On the contrary,
negative control, HNP-siRNA, and HNP-mock treatments presented no hemolysis (0%).
As observed in Figure 6C, these cells presented irregular membranes and smaller sizes
compared to negative control and other treatments.
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Figure 6. Hemolytic activity of HNP formulations (n = 3). (A) Macroscopic observation of hemolysis,
(B) Graphic showing the percentage of hemolysis in each group of treatment, and (C) Representative
microscopic images of red blood cells after each treatment. Results are expressed as mean =+ standard
error of the mean. ANOVA followed by Bonferroni (* p < 0.05).

2.5. Antitumoral Activity and Gene Expression Evaluation

To evaluate the impact of HOXB7 gene silencing on tumor growth, nude mice bearing
early-stage (50 mm?), and advanced tumors (250 mm?) were intravenously injected with
HNP-siHOXB?. The cotreatment of mice with HNP-siHOXB7 and TMX led to controlled
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tumor growth after 13/14 days compared to control groups (Figures 7 and 8) in both
scenarios. Importantly, in the advanced tumors assay, two animals were found dead during
the assay, leading to a distinct survival rate over the treatment. Thus, HNP-siHOXB?7
and cotreatment groups improved the survival rates to 80 and 100%, respectively, in the
period, while the control group (no treatment) presented a reduced survival rate of 50% in
advanced tumors (Figure 8B). Furthermore, no significant body weight loss was detected
at the end of the experiment (Figure 7C or Figure 8C).
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—+— TMX
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=
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0123 456 7 8 91011121314
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o
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m 44 v+ TMX
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0 T T T T 1 1 T T T T
0 2 4 5 7 8 1011 1213 14

' )

Days

Figure 7. Antitumoral activity in nude mice bearing early-stage tumors (50 mm?) was monitored
for 14 days. (A) Relative tumor volume, (B) survival rate, and (C) body weight variation. The
arrows indicate days of injection. Black, green, and red lines represent control (n = 4), TMX (n = 4),
and cotreatment (n = 4) groups. Dotted line is 50% of the survival rate. Results are expressed as
mean + standard error of the mean (SEM).
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Figure 8. Antitumoral activity in nude mice bearing advanced tumors (250 mm?) was monitored
for 14 days. (A) Relative tumor volume, (B) survival rate, and (C) body weight variation. The
arrows indicate days of injection, and $ symbols indicate days of death. Black, blue, and red lines

represent control (n = 4), cotreatment (n = 4), and free TMX (n = 4) groups. Results are expressed as

mean =+ standard error of the mean (SEM). ANOVA followed by Bonferroni (* p < 0.05).

To further evaluate the behavior of advanced tumors and to understand whether the
controlled tumor growth was related to HOXB? gene silencing by RNAi effect from HNP-
siHOXBY treatment, real-time qPCR was performed in tumor tissue. Interestingly, as shown
in Figure 9, the expression of HOXB7 was reduced by 50% and 32% after HNP-siHOXB?7
and cotreatment, respectively (p < 0.05).
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Figure 9. HOXB7 gene expression in breast tumor tissue after HNP-siHOXB7 and cotreatment.
Controls were set at 100% of HOXB?7 expression and normalized by the 3-actin house-keeper gene.
Results are expressed as mean =+ standard error of the mean (SEM). ANOVA followed by Bonferroni
(*p <0.05).

2.6. Histopathological Evaluation

Histopathological analysis of lung, spleen, heart, liver, kidney, and tumors was carried
out to evaluate tissue damage or inflammation due to treatment exposure. Early-stage
tumors (50 mm?®) groups presented similar histopathological characteristics between control
and treated groups. However, the TMX group (n = 4) showed interstitial chronic spleen
(75%), kidney (75%) congestion, and neutrophilic infiltration (25%).

Individuals with advanced tumors (250 mm? ), however, exhibited more severe histopatho-
logical characteristics, as expected (Figure 10). The two control animals left displayed
extramedullary erythropoiesis in the spleen and discrete hepatic congestion in the liver
and kidney, which was similar to HNP-siHOXB7 and the cotreatment group. One animal
in HNP-siHOXB? presented micrometastasis in the liver and spleen (n = 1), while the
other 4 did not present such characteristics. Animals in the cotreatment group presented
lymphoid hyperplasia (n = 4). Micrometastasis in the heart and liver was found in one
animal (n = 1) of the cotreatment group, while the other three did not present such char-
acteristics. Necrosis was found in the tumor tissue of three out of the four animals (75%)
of the cotreatment group, as well as the angiolymphatic invasion of tumor cells in one
animal (25%).

2.7. Hematological and Biochemical Parameters Analysis

The hematological and biochemical parameters were determined to understand the
in vivo toxicity of both cotreatment and free TMX in early-stage tumors (Table 4). Overall,
a significant decrease in white blood cells and plasma proteins was observed in the free
TMX group (p < 0.05). In fact, the only relevant difference regarding the cotreatment group
was the increase in creatinine (p < 0.05). Most importantly, however, the value of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) levels in the HNP-siHOXB7
treated group remained in standard amounts similar to non-treated animals.
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Control

HNP-siHOXB7

Cotreatment

Control

HNP-siHOXB7
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Figure 10. Representative images of histopathology analysis of organs and tumors after treatment
with HNP-siHOXB?, cotreatment in advanced tumors. Micro- and metastasis were found in the spleen
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and liver in the HNP-siHOBXB? group and the heart and liver in the cotreatment group (asterisk).
Cotreatment group presented high splenic extramedullary hematopoiesis (arrows) and tumor necrosis
($ symbol). Tissues (n = 4/5) were stained with H & E, and images were acquired at a scale of
100 (heart) and 10 um.

Table 4. Hematological and biochemical parameters after cotreatment and free TMX in early stages
tumor animals.

Hematological Parameters

Parameters Control HNP + TMX TMX Parameters Control HNP + TMX TMX
RBC Banded
o 79402 782402 75401 neutrophils 0 0 0
(x10°/mm?°) 3
(mm?)
Segmented
HGB (g/dL) 12.05 + 0.2 1223 + 04 1153 +£0.1 neutrophils 2582 + 101.4 1343 + 182.3 * 1184 +£274*
(mm?)
HCT (%) 46 +1 46.25 4+ 0.9 43404 E"(i;‘;ﬁ?)hﬂ 16 +10.8 85455 949
MCV (fL) 57.75+03 59.13 & 0.4 57.26 & 1.1 Ly‘?nf:r};%‘;yte 2843 £ 1782 2243 +101.8 246 £ 5
MCHC (g/dL) 262402 2641 +03 26.81 + 0.4 Monocyte (mm?) 2845+ 935 144 + 382 161 +3
WBC (mm?) 3100 + 601.4 2300 =+ 288.7 1175 + 265.8 * Basophil (mm?) 0 0 0
Meta(rr?rfg;’cyte 0 0 0 PLT (mil/mm?) 4723 +232 558.3 + 57.2 612.5 + 51.1
Biochemical Parameters
Parameters Control HNP + TMX TMX Parameters Control HNP + TMX TMX
Urea (mg/dL) 4751476 413435 4678 +29 ALT (U/L) 6044238 55.65 + 8.6 4035+ 0.6
C(fﬁzt/‘gli‘)e 0.4 +0.02 0.57 + 0.04 * 0.42 + 0.03 AST (U/L) 218 +28.6 1755 +13.3 1705 + 4.2
Plasma protein 6.1+0.1 565 £0.1% 53+01*

Results are expressed as mean = standard error of the mean (SEM). ANOVA followed by Bonferroni (* p < 0.05).
RBC: red blood cells; HGB: hemoglobin concentration; HCT: hematocrit percentage; MCV: mean corpuscular
volume; MCHC: mean corpuscular hemoglobin concentration; WBC: white blood cells; PLT: platelets; ALT: alanine
aminotransferase; AST: aspartate aminotransferase.

3. Discussion

The HOXB7 gene is known to be related to TMX resistance in positive hormone recep-
tor molecular subtype breast cancer. Therefore, therapeutic strategies involving HOXB7
silencing in combination with TMX administration may be a promising future approach in
the treatment of TMX-resistant cells from this molecular subtype. The combination therapy
was proposed in this study, and HOXB? silencing associated with TMX showed controlled
tumor growth and reduction in immuno- and hepatotoxicity. Furthermore, this strategy
resulted in a higher survival rate if compared to the control and HNP-siHOXB7 groups.

To achieve this, hybrid nanoparticles composed of calcium phosphate and a block
copolymer containing PEG-pGlu were produced as in previous reports [22,23]. The size
distribution, mean hydrodynamic diameter, PDI, and Zeta potential were in accordance
with other authors [20-24], which shows a high reproducibility of the preparation of these
nanoparticles that consists of a rapid and simple mixture of constituents in stoichiometric
conditions. It is known that calcium phosphate crystals grow uncontrollably during wet
precipitation. Thus, we controlled the particle size below 100 nm by using PEG-pGlu
(Figure 1, Table 1). Sizes below 100 nm are desired in intravenous cancer therapy, es-
pecially if the targeting is dependent on the enhanced permeability and retention effect
(EPR), which is the case [25,26]. The neutral surface charge (Table 1) provided by the non-
ionic PEG portion can be advantageous since it creates a hydrophilic layer that promotes
lower immunogenicity, which leads to higher circulation time and bioavailability and en-
hanced probability of tumor accumulation. Furthermore, TEM images (Figure 2) confirmed
HNP size, and the monodisperse character pointed by a unimodal size distribution curve
(Figure 1) and 0.1 PDI values (Table 1). Also, rounded nanoparticles observed by TEM do
not present orientational dependence; therefore, blood dislocation and cell incorporation
may be facilitated [25]. Thus, HNP presented desirable characteristics for intravenous
applications for anticancer treatment [26-29].



Pharmaceuticals 2024, 17, 1325

13 of 20

An incorporation ratio of siRNA into HNP of 50% was observed, which is comparable
to other works published using similar nanoparticles. In this formulation, the siRNA
incorporation ratio is competitively controlled by the copolymer concentration, which in
turn also affects colloidal stability. Therefore, the initial concentration of 1000 pL/mL of
PEG-pGlu was chosen to carry out in vivo experiments.

The colloidal stability of non-purified HNP stored at 4 °C was assessed for 180 days
and revealed no difference in the tested parameters (Figure S1, Table S1), which indicates
long-term storage potential. Purified HNP (Table 2) did not show a significant difference
in size and PDI for at least 6 days, which indicates high colloidal stability of the complex
for immediate systemic administration. A purification process is necessary in this type
of nanocarrier to remove the excess of free calcium ions, which can lead to changes in
cardiovascular homeostasis [30]. An established methodology was performed to this end
based on Souza et al., who reported an 88% and 56% removal of residual calcium and
phosphorous, respectively [23]. In any case, the lyophilization process was assessed since it
allows even higher stability of the purified formulation. Even though cryoprotectants are
usually used for nanoparticle protection and aggregation avoidance, sucrose 10% addition
did not fulfill this requirement and reduced the colloidal stability of HNP after 10 days
of resuspension (Table 3). Thus, no cryoprotectants were needed in this process since
the PEG layer was able to protect the HNP from the stress of the process and acted as a
cryopreservant.

Nanoparticle disassembly was assessed by mimicking the endocytic environment
by pH variation. After exposing the HNP to acidic conditions, the HNP underwent
rapid disorganization/dissolution (Figure 3). According to our previous work [14], this
dissolution leads to an ion gradient increase followed by endosome membrane rupture due
to water influx and siRNA release to the cytoplasm. Other authors observed a similar effect
after lower pH exposure of HNP [31]; however, the optimization of the nanoparticles can
be further assessed to avoid early release of siRNA once the destabilization of the system
started at 6.5 pH, and this pH is commonly found in tumoral microenvironment [32].

Other than reduced viability by HNP-siHOXB? treatment, empty HNP (HNP-mock)
presented no cytotoxicity, which confirms the safety of the formulation. No toxicity was
observed in cells treated with free siHOXB7, which indicates that this molecule is not
capable of entering cells or escaping from the endosomal compartment and therefore
requires a delivery system to this end (Figure 4). Regarding the scratch assay, the group
treated with HNP-siHOXB? significantly reduced the scratched area, indicating a reduced
migration of cells after HNP-siHOXB? treatment (Figure 5). This suggests that HOXB7
silencing may have an anti-migratory potential in MCF?7 cells and may play an important
role in reducing tumoral progression and metastasis. Similarly to the cell viability assay, the
HNP-mock and free siHOXB7 presented the same wound area closure pattern as the control
group in the scratch assay. Taken together these results suggest siRNA internalization by the
cells following the RNAi effect, since the HOXB? gene is associated with cell proliferation
and migration. In fact, a previous work of our group showed that HNP were able to deliver
siRNA to breast cancer cells for a significant HOXB7 gene silence in vitro [33].

The development of efficient and non-toxic nanocarriers is still the main challenge
in drug and gene delivery in animal experiments [34]. To confirm the ability of the HNP
to deliver siRNA molecules in a mouse model, HNP were first submitted to a hemolysis
assay to ensure HNP non-toxicity to red blood cells (Figure 6). No hemolytic activity was
found, and cells presented normal morphology after HNP exposure. On the contrary, cells
from the positive control group presented a morphological anomaly called echinocyte. This
results from extravasation of intracellular content by changes in membrane fluidity and
lipidic redistribution, leading to smaller red blood cells [35].

Antitumoral activity was then assessed in early-stage (50 mm?, Figure 7) and advanced
(250 mm?, Figure 8) Luminal A tumors. HOXB7 gene is found to be overexpressed in the
MCF?7 cell line [7], and it is involved in several metabolic pathways of cancer. In breast
cancer, this gene was already associated with tumorigeneses, angiogenesis, DNA repair, cell
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invasion, proliferation and survival, and drug resistance, especially related to TMX [5-8].
Since HOXBY? plays a role in different areas of breast cancer progression, Jin et al. [5]
proposed that this gene could be an interesting molecular target for antitumoral therapy. In
fact, they showed TMX resistance association to HOXB7 overexpression in TMX-resistant
MCF?7 cells, and HOXB?7 abrogation led to TMX sensitization through EGFR/HER2 and ER
pathways, which are commonly associated with drug resistance. In the present study, a
controlled tumor volume growth was observed after HOXB7 knockdown by HNP-siHOXB7
associated or not with TMX (Figure 7A or Figure 8A). Although the overall tumor volume
was not reduced, an expressive tumor regression should be associated with a longer period
of experimentation in observation of the low proliferation rate of Luminal A cell lines, as
noted by Jin et al. [5]. Nonetheless, an enhanced survival rate in treated advanced tumor
groups was also observed here (Figure 8B). This was detected, especially in combination
with TMX, and the combination therapy strategy presented superior effects if compared to
HOXB? knockdown alone.

In fact, by reducing HOXB7 gene expression, we expect to re-sensitize Luminal A
breast cancer to TMX. The possible synergic effect of HOXB7 knockdown and TMX was
previously assessed in vitro in MCF7 cells and demonstrated to have a potential antitu-
moral effect over HOXB? depletion alone [33]. It is also important to mention that the
mechanisms of TMX resistance are not exclusively to HOXB7 gene overexpression, and
metabolic reprogramming in glucose, lipid, and amino acid metabolisms, as well as nucleic
acid metabolism and mitochondria accumulation of TMX, can implicate in its resistance [13].
Noteworthy, these results were corroborated in this work by a significant HOXB?7 knock-
down in vivo after real-time PCR analysis (Figure 9). Importantly, the death of animals
compromised the detection of statistical significance (Figure 8A) and indicates the need for
increasing animal numbers. Moreover, aiming for an enhanced antitumoral effect, siRNA
concentration can be safely increased to 200 nM without presenting any hemolytic toxicity,
as previously shown (Figure 6).

Also, animals did not present signs of acute toxicity due to treatments once no weight
loss or stress-related behavioral changes were observed (Figure 7C or Figure 8C). Most of
the histopathological observations presented alterations caused by the neoplasia and TMX
adverse effects (Figure 10). This suggests that HNP treatment did not promote any tissue
toxicity and confirms the non-toxic character of the formulation. Although micro-metastasis
was spotted in 1 animal (20%) of siHOXB? and cotreatment groups, the other animals of
those groups (80%) did not present such observations. In fact, the evaluation of metastatic
regions is of great importance and should be properly investigated in future experiments
with larger samples as a possible cause of death in the control group. In accordance, the
reduced number of animals with micro-metastasis in HNP-siHOXB7 and cotreatment
groups (20%) could be due to reduced cancer cell migration as HOXB7 depletion reduced
migratory potential of MCF7 cells in vitro (Figure 5). In addition, hematological and
biochemical parameters analysis resulted in less overall toxicity of cotreatment (Table 4).
Noteworthy, neither ALT nor AST enzyme levels were increased after HNP administration.
This shows an absence of hepatocellular toxicity by intravenously injected HNP, and it is
highly desired for formulations containing nanoparticles since this is one of the reasons for
nanoparticle-related clinical trial failure [34]. Therefore, our results support that HOXB7
silencing, especially if associated with TMX, promoted a better prognosis, extended general
survival, and reduced overall toxicity.

Clinical translation is a major challenge in RNAi-based nanomedicines, and frequently,
in vitro results are not reproduced after in vivo administration of these formulations. A
successful transfection includes overcoming a variety of biological barriers to promote
the RNA| effect in the desired tissue. Therefore, the delivery system not only protects
the siRNA molecule from degradation enzymes and reticuloendothelial system but also
must be able to overflow the tumoral tissue, resist extracellular medium, transpose cellular
membrane, promote endosomal escape, and, finally, release the siRNA molecules into the
cytoplasm where they can promote the RNAi effect [19]. Hence, the importance of the
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present work and potential clinical translation of the formulation, since it was observed a
successful siRNA transfection and, most importantly, the absence of general toxicity.

New formulations must ensure safety, specificity, and off-target effect avoidance.
Single-cell sequencing analysis and bioinformatics can assist in finding genes and/or
proteins that can be not only potential therapeutic targets but also have an important role
in active targeting [36]. Also, convertible charge polymers can assist in the release of the
material in environments with a particular characteristic [37]. Furthermore, this research
also acknowledges the combinatorial strategy of RNAi therapy and hormone therapy and
can be a step forward in establishing or remodeling therapeutic protocols.

4. Materials and Methods
4.1. Materials, Cell Line, and Animals

Primers and siRNA were purchased from Sigma—Aldrich® (Sao Paulo, Brazil). Primer
sequences are (5'-3'): CCAACCGCGAGAAGATGA (B-actina forward), CCAGAGGCG-
TACAGGGATA (p-actina reverse), ACCGACACTAAAACGTCCCT (HOXBY? forward) e
AAACCGAACTTGAGGCTGGA (HOXBY reverse). The siHOXB7 sequences are 5 AC-
CUACCACUCGCGUGUUC dTdT 3’ (sense) and 5 GAACACGCGAGUGGUAGGU dTdT
3’ (antisense). Methoxy-poly (ethylene glycol) -block-poly (L-glutamic acid) copolymer
(PEG-pGlu) (sodium salt) was purchased from Alamanda Polymers, Inc. (Huntsville, AL,
USA). The Amicon ultrafilters were purchased from Millipore (Burlington, MA, USA).
Pi-Clear RNA Total was acquired from Pi-Biotech Genética Avancada Ltd.a (Juiz de Fora,
Brazil). High-capacity cDNA Reverse Transcription kit was purchased from Applied
Biosystems (Foster City, CA, USA). qPCR-SYBR-Green mix was purchased from Ludwig
Biotecnologia Ltd.a (Rio Grande do Sul, Brazil). The cell line used for in vitro and in vivo
assays was MCF-7, a Luminal A subtype breast cancer cell line.

Female nude mice (6-8 weeks old) were housed in individual cages covered with
sawdust, which was replaced weekly. The animals were kept at a controlled temperature
(23 £1°C), 12 h light/dark cycle, and food and water ad libitum. The animals were
constantly evaluated regarding pain, stress, and discomfort to evaluate the necessity of
a humanitarian endpoint. All animal work was performed with the approval of the
Ethics Committee for Animal Use from Instituto de Pesquisas Energéticas e Nucleares,
Brazil (49/23).

4.2. Preparation of Hybrid Nanoparticles

Hybrid nanoparticles (HNP) were prepared by simple mixing, allowing self-assembly
of the components as described by Pittella et al. [21] with modifications. Briefly, PEG-pGlu
was diluted in TRIS-HCl buffer solution (10 mM, pH 7.4) to a concentration of 1000 pug/mL.
The copolymer solution was added to a HEPES buffer (50 mM) containing NayPOy4 (1.5 mM)
and NaCl (140 mM) and a 15 uM siRNA solution (2.5:7.5:2.5; v/v). Another solution was
prepared by adding 2.5 M CaCl, (solution to 10 mM TRIS buffer at pH 10 (1:11.5; v/v). The
nanoparticle dispersion was obtained by pipette mixing both solutions to a final siRNA
concentration of 1.5 uM. Hybrid nanoparticles containing siHOXB7 were named HNP-
siHOXB?. Before animal administration, the HNP were purified using Amicon centrifugal
filters (MW cut-off 30 kDa) at 15,000 rpm for 20 min at 4 °C.

4.3. Physicochemical Characterization of Hybrid Nanoparticles

Mean hydrodynamic diameter, polydispersity index (PDI), and size distribution of
HNP were analyzed by Dynamic Light Scattering (DLS) measurements using Zetasizer
Ultra equipment (Malvern Instruments, Malvern, UK) with a detection angle of 173° with
He-Ne laser (633 nm) as the incident beam. The Zeta potential was evaluated by the same
equipment by the electrophoretic mobility technique. Three independent NP were analyzed
at 25 °C for each physicochemical characterization and colloidal stability study.

The morphology of the dispersion was observed through transmission electron mi-
croscopy (TEM) using JEOL JEM-1400 PLUS equipment (Jeol Ltd., Tokyo, Japan) at a
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voltage acceleration of 40-120 kV and operated in bright field mode. HNP-siHOXB7 was
applied on carbon grids and dried for 10 min at room temperature.

4.4. Colloidal Stability Studies
4.4.1. Long-Term Storage of the Dispersion

The long-term colloidal stability of the HNP-siHOXB? kept at 4 °C was evaluated at
different time points after preparation (0, 15, 30, 90, and 180 days) by mean hydrodynamic
diameter and polydispersity index, as described in Section 4.3.

4.4.2. Lyophilization

Firstly, HNP-siHOXB7 was either mixed or not mixed with cryoprotectant sucrose
10% (w/v), frozen with liquid nitrogen, and submitted to the lyophilization process using
LD Plus Alpha 1-2 (Martin Christ, Osterode am Harz, Germany) equipment at 0.064 mbar
and —53 °C, for 24 h. The resulting powder was resuspended in Milli-Q water, and the
mean hydrodynamic diameter and polydispersity index were evaluated before and after
the procedure, as well as after 10 days of resuspension.

4.5. Encapsulation Efficiency

The encapsulation efficiency of HOXB7 siRNA into NP was indirectly determined
through the quantification of non-encapsulated siRNA, as described by Pittella et al. [21].
The methodology is similar to the purification process described in topic 4.2. After cen-
trifugation, the non-encapsulated siRNA filtrate was collected and analyzed in Nanodrop
Spectrophotometer ND 1000 (ThermoScientific, Waltham, MA, USA) at 260 nm. The
percentage of loaded siRNA was calculated using the following formula:

Encapsulated percentage (%) = (total siRNA content — free siRNA /total 1)
siRNA content) x 100

4.6. In Vitro Assays

The Luminal A subtype of human breast cancer cell line, MCE-7 (ATCC number:
HTB-22), was used in every assay and cultured in RPMI medium supplemented with 10%
FBS and 1% antibiotics. The cells were maintained in incubation at 37 °C and 5% CO,.

4.6.1. Cell Viability Assay

Cell viability was evaluated by MTT [3-(4, 5-dimethylthiazol-2-y1)-2, 5-diphenyltetrazolium
bromide] assay. Cells were incubated for adherence overnight in the same conditions pre-
sented before after seeding (5000 cells/well) in a 96-well plate. Treatment (HNP-siHOXB?)
and controls (HNP-mock, free siHOXB7, and medium) were added and replaced by MTT
after 24 h and 48 h of incubation. After 4 h of MTT incubation, formazan crystals were solu-
bilized with DMSO. The absorbance was then measured at 540 nm in a microplate reader.

4.6.2. Scratch Assay

A scratch test was performed in monolayered MCE-7 cells (50,000 cells/well in a
24-well plate) with the help of a sterile 200 uL tip. Cells were washed with PBS 1x for
removal of unattached cells and treatment (HNP-siHOXB?), and controls (full medium and
free siHOXBY?) were added to different wells. Images were obtained and evaluated using
an inverted optical microscope Leica DMI6000B coupled to a Hamamatsu Orca-ER com
camera at 40 x magnification at different time points (0 h, 6 h, 24 h, and 48 h). The acquired
images were treated and processed using Image] software, version 1.52a (NIH, Bethesda,
MD, USA), and the free area was determined.

4.7. Hemolytic Activity

The hemolytic activity was evaluated according to Silva et al. [38]. Fresh erythrocyte
samples were collected and separated by centrifugation at 2000 rpm for 5 min. The



Pharmaceuticals 2024, 17, 1325

17 of 20

samples were washed twice with saline solution and resuspended in 10 mL (erythrocytes
corresponding to 1 mL of blood). Aliquots of NP-siHOXB? (10, 50, 100, 150, and 200 nM)
and NP-mock (200 nM) were added to erythrocyte suspensions (10%:90%). The negative
and positive controls were prepared by adding saline solution and 0.1% Triton X-100
solution, respectively. Afterward, the samples were incubated under agitation for 1 h at
37 °C and later centrifuged at 2000 rpm for 5 min. Visual analysis was performed, as well
as UV /Vis spectrometry at 415 nm of supernatants and microscopic images. The hemolysis
rate (%) was determined by the following formula:

Hemolysis rate (%) = (Abs sample — Abs negative/Abs positive) x 100 2)

4.8. In Vivo Assay

Animal models of mice bearing human breast tumors were prepared according to
Zhang et al. [39], with slight modifications. Briefly, immunosuppressed female Nude mice
(6-8 weeks old) were injected subcutaneously in the right lower abdominal breast with
2 million MCEF-7 cells after a 1 week of estrogen pre-treatment (1.5 mg/kg, i.p.) since this
cell line is estrogen dependent. Breast tumors were allowed to grow for 20 and 30 days
in early-stage and advanced-stage groups, and the animals in each group were randomly
distributed into three treatment groups.

4.8.1. Antitumoral Activity

Antitumoral effect on early-stage tumors (50 mm?®) was evaluated in three groups:
TMX (n = 4), HNP-siHOXB?7 + TMX (n = 4) and saline control (n = 4). On the other hand,
advanced tumors (250 mm?) were treated with HNP-siHOXB7 (n = 5), HNP-siHOXB7 +
TMX (n = 4), and saline control (n = 4). HNP-siHOXB? treatment was administered by
intravenous injection in the tail vein (25 pg of siRNA) on days 1, 4, 8, 10, and 13. TMX
(10 mg/kg) was intraperitoneally administered every 2 days, as well as estrogen. The
dose regimens were based on previous studies [37,40]. Tumor size and body weight were
monitored constantly until day 14, in which animals were euthanized. Blood samples,
tumor tissue, and other organs (heart, lung, kidney, liver, and spleen) were collected for
further investigations. Tumor volume was calculated based on the following modified
ellipsoidal formula:

Volume = 1/2 (length x width?) (3)

4.8.2. HOXB7 Gene Expression Evaluation

Real-time PCR (qPCR) was performed to evaluate HOXB7 mRNA levels after 24 h of
HNP-siHOXB7 last administration. Pi-Clear RN A Total (Pi-Biotech, Juiz de Fora, Brazil)
was used for total RNA extraction from tumor tissue (100 mg) as described by the man-
ufacturer. After cDNA synthesis using a High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Waltham, MA, USA), qPCR was carried out using qPCR-SYBR-Green
mix (Ludwig Biotecnologia Ltd.a, Alvorada, Brazil) and specific primers as described
in Section 4.1. and using a 7500 Fast Real-time PCR instrument (Applied Biosystems,
Waltham, MA, USA). The temperature cycle was performed as follows: (1) holding stage
was performed at 50 °C for 2 min and 95 °C for 2 min, followed by (2) 60 cycles at 95 °C for
15 s and 60 °C for 1 min. HOXB7 gene expression was normalized by human 3-actin as a
house-keeper gene.

4.8.3. Histopathological Analysis

The collected organs and tumors were fixed with 4% formaldehyde for 24 h, further
dehydrated in alcohol solutions, and finally embedded in paraffin, according to [31]. The
paraffin blocks were sectioned (5 pm) and stained with hematoxylin and eosin. The
histological slides were analyzed, and representative images were captured.
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4.8.4. Hematological and Biochemical Parameters Analysis

General toxicity in mice was evaluated 24 h after the last injection through blood
analysis. Whole blood was collected by heart puncture and transferred to microtubes
containing heparin. Hematological and biochemical analysis were carried out as routine
blood analysis in the Laboratorio Veterinario Vivanalises (Juiz de Fora, Brazil). The total
and differential white blood cell (WBC), red blood cells (RBC), hemoglobin concentration
(HGB), hematocrit percentage (HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin concentration (MCHC) and platelets (PLT) were measured, as well as, plasma
protein, aspartate aminotransferase (AST), alanine transaminase (ALT) urea and creatinine.

4.9. Statistical Analysis

Analysis of variance (ANOVA) followed by Turkey post hoc test was performed to
evaluate the treatment effects and compare individual groups, respectively. GraphPad
Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was used for statisti-
cal analysis, and significative differences were considered as p < 0.05. The results were
expressed as mean values & standard error mean (SEM).

5. Conclusions

In this study, a non-toxic PEG-pGlu calcium phosphate nanocarrier for HOXB7 siRNA
was evaluated both in vitro and in animal models bearing Luminal A breast tumors and
showed promising capacity for gene delivery without presenting cytotoxicity. HOXB7
silencing was effective in controlling tumoral growth with and without TMX combination.
Furthermore, our results support that HOXB? silencing associated with TMX promoted
a better prognosis and extended general survival without severe hepatological and renal
toxicity in mice. Nevertheless, optimization of HOXB7 siRNA concentration may be
interesting for enhancing the RN Ai effect and re-sensitize tumor cells to TMX. This approach
may even lead to the reduction in TMX doses while decreasing the adverse effects of this
chemotherapeutic agent. Finally, a longer treatment period must be considered due to the
intrinsic characteristics of the specific molecular subtype of the tumor to improve the RNAi
antitumoral effect and synergic effect with TMX.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ph17101325/s1. Figure S1: Colloidal stability of non-purified HNP-
siHOXBY (square, n = 3) and HNP-mock (circle, n = 3) stored at 4 °C for 180 days. Mean hydrodynamic
diameter (black) and PDI (red). Results are expressed as mean = standard error of the mean. ANOVA
followed by Bonferroni (* p < 0.05). Table S1: Mean hydrodynamic diameter and polydispersity index
(PDI) of hybrid nanoparticles before and after 180 days of storage at 4 °C.
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