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Abstract: Breast cancer (BC) is a heterogenous disease classified into four molecular subtypes (Lumi-
nal A, Luminal B, HER2 and triple-negative (TNBC)) depending on the expression of the estrogen
receptor (ER), the progesterone receptor (PR) and the human epidermal receptor 2 (HER2). The
development of effective treatments for BC, especially TNBC, remains a challenge. Aminosteroid
derivative RM-581 has previously shown an antiproliferative effect in multiple cancers in vitro and
in vivo. In this study, we evaluated its effect in BC cell lines representative of BC molecular subtypes,
including metastatic TNBC. We found that RM-581 has an antiproliferative effect on all BC molecular
subtypes, especially on Luminal A and TNBC, in 2D and 3D cultures. The combination of RM-581
and trastuzumab or trastuzumab-emtansine enhanced the anticancer effect of each drug for HER2-
positive BC cell lines, and the combination of RM-581 and taxanes (docetaxel or paclitaxel) improved
the antiproliferative effect of RM-581 in TNBC and metastatic TNBC cell lines. We also confirmed
that RM-581 is an endoplasmic reticulum (EnR)-stress aggravator by inducing an increase in EnR-
stress-induced apoptosis markers such as BIP/GRP78 and CHOP and disrupting lipid homeostasis.
This study demonstrates that RM-581 could be effective for the treatment of BC, especially TNBC.

Keywords: breast cancer; aminosteroid; triple-negative breast cancer; spheroid; personalized therapy;
breast cancer treatment; endoplasmic reticulum stress

1. Introduction

Breast cancer (BC) is the second cause of death by cancer in women. The Ameri-
can Cancer Society estimates that 279,100 new cases of invasive BC were diagnosed, and
42,690 deaths were reported among US women in 2020 [1]. BC is a heterogenous disease
histologically as well as molecularly. It can be divided into four molecular subtypes: lumi-
nal A, luminal B, HER2 and triple-negative breast cancer (TNBC). These four molecular
subtypes are determined by the overexpression of three molecular markers: estrogen recep-
tor (ER), progesterone receptor (PR), and the human epidermal receptor 2 (HER2) [2]. Each
BC molecular subtype has a different prevalence, prognosis and response to treatment [3].
Due to the complexity of BC, it is challenging to find treatments that can be effective
against all BC subtypes. This is especially true for the TNBC subtype for which there are no
targeted therapies as this molecular subtype lacks the expression of ER and PR and does
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not overexpress HER2 [4]. Hence there is an obvious need for the development of novel
compounds that could help to effectively target BC.

Aminosteroid (AM) derivatives are a family of anticancer molecules that have high and
selective cytotoxic effects on multiple types of cancers, both in vitro and in vivo [5–11]. Vari-
ous AM derivatives have been generated by our group using structure–activity relationship
studies involving the parallel synthesis of AM libraries and using classical medicinal chem-
istry targeting the modification of a specific hit compound [5,7,8,12,13]. Following these
analyses, RM-581 has emerged as the most promising candidate. RM-581 is a mestranol
derivative with an estra-1,3,5(10)-triene backbone that has been shown to lead to a decrease
in cell proliferation and tumor regression in luminal A breast (MCF7), pancreatic (PANC-1),
and prostate (PC-3) cancer cell lines as well as xenografts in nude mice [10,11,14].

The endoplasmic reticulum (EnR) is an organelle with a major role in the maintenance
of cellular homeostasis [15]. The tumor microenvironment, which is characterized by
hypoxia and low-nutrient conditions, can trigger EnR-stress due to the accumulation of
unfolded protein in EnR and the related unfolded protein response (UPR). This EnR-stress,
in turn, induces cellular dysfunctions that can lead to apoptosis [16]. Natural derivatives
such as AM derivatives are anticancer agents that use EnR-stress to induce cancer cell
death [17–20]. It has been recently shown that the RM-581 mechanism of action induces
EnR-stress leading to apoptosis in gemcitabine-resistant pancreatic cancer (PANC-1) and
docetaxel-resistant prostate cancer (PC-3) cell lines [11,14]. Moreover, many studies have
shown that apoptosis via EnR-stress can be targeted in BC, highlighting the importance of
this mechanism of action in BC [21–24].

Hence, the aim of the present study was to evaluate whether RM-581 can be an
effective anticancer molecule on all BC molecular subtypes (luminal A, luminal B, HER2,
and TNBC) and determine if its mechanism of action is via EnR-stress as for pancreatic and
prostate cancer. We thus tested RM-581 antiproliferative effects in BC cell lines belonging
to different molecular subtypes, alone and in combination with other BC gold standard
treatments. We then confirmed these results in 3D BC spheroids and also measured the
effect of RM-581 on the expression of EnR-stress markers.

2. Materials and Methods
2.1. Cell Lines

We selected BC cell lines representative of luminal A (MCF7), luminal B (BT-474),
HER2 (JIMT-1 and MDA-MB-453), TNBC (MDA-MB-231, BT-549, SUM159PT, MDA-MB-
468, and SUM149PT), a non-tumorigenic epithelial cell line (MCF10A), and three metastatic
TNBC-derivative cell lines (MDA-BoM-1833, MDA-BoM-1834, and MDA-MB-231-BR). All
the BC cell lines along with their molecular subtype and the culture conditions are listed
in Table S1. All the cell lines were incubated at 37 ◦C with 5% CO2 in water-saturated
atmosphere and were shown to be mycoplasma free.

2.2. Proliferation and Drug Combination Assays

Cells were plated on 96-well plates in triplicate (10,000 cells per well) as described
in [25]. After 24 h of incubation, RM-581 [10] was diluted in dimethylsulfoxide (DMSO) and
added at increasing concentrations (0, 0.1, 1, 10, 20, and 30 µM) in the culture medium. For
combination assays, BT-474 and MDA-MB-453 cells received a RM-581 treatment at 10 µM
and a trastuzumab (Roche, Genentech, CA, USA) treatment at 4 µg/mL (after dilution
of trastuzumab in phosphate buffered saline (PBS)) or a T-DM1 (Roche, Genentech, CA,
USA) treatment at 10−1 µM (after dilution in PBS) only for MDA-MB-453, alone or in
combination. MDA-MB-231, MDA-MB-468, BT-549, SUM149PT, MDA-BoM-1833, MDA-
BoM-1834, and MDA-MB-231-BR cells received a RM-581 treatment at 0.1, 1, or 5 µM, a
docetaxel (DTX) (Sigma-Aldrich Canada Co., Oakville, ON, Canada, BCBH8742V) and a
paclitaxel (PTX) (Sigma-Aldrich Canada Co., Oakville, ON, Canada MKCG8516) treatment
at 10−1 µM, 10−2 µM or 10−3 µM (after dilution in DMSO), alone or in combination. After
72 h of in-cubation, alamarBlue (Invitrogen, Waltham, MA, USA, DAL1100) was added
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(10 µL of alamarBlue for 100 µL of cell culture medium) for 2 h of incubation. Viability
rates were determined by fluorescence using a Tecan M-200 microplate reader (Männedorf,
Switzerland) with an excitation wavelength at 570 nm and emission wavelength at 585 nm.
Percentage viability was calculated for the treated cells compared with the untreated cells
receiving only DMSO. All the experiments were performed in triplicate, and mean ± SD
was calculated and plotted for each drug concentration. The IC50 values (50% cell growth
inhibition) for each cell line were calculated using GraphPad software version 5 with a dose-
response model (Y = Bottom + (Top-Bottom)/(1 + 10ˆ(X − LogIC50)). For all the curves,
the R2 value was greater than 0.9. All the figures were generated using Prism/Graphpad
(version 5). For the combination assays, one-way ANOVA were performed followed by the
Tukey test to compare the effects of the drug alone or the combination of the drugs. The
significance level was set at p < 0.05.

2.3. Spheroids Assay (3D Culture)

BC cells (MCF7, BT-474, MDA-MB-453, MDA-MB-468, MDA-MB-231, SUM149PT,
MCF10A, MDA-BoM-1833, MDA-BoM-1834, and MDA-MB-231-BR) were plated in 96-well
ultra-low attachment plates (Corning Costar, NY, USA, 7007) in triplicate (10,000 cells per
well). After 5 days of incubation to let the spheroids or cellular aggregates form, RM-581
was added at a concentration twice or five times the IC50 obtained in 2D culture, or with
5 µM for MCF10A as a control. Images of the spheroids were taken before, and 3 and
7 days after the treatment to observe phenotype changes. Viability rates were determined
as described in the section above. Nonparametric Mann–Whitney tests were performed.
The significance level was set at p < 0.05.

2.4. RNA Isolation and Quantitative Real-Time PCR (qPCR)

BC cells (MCF7, BT474, MDA-MB-453, MDA-MB-468, MDA-MB-231, BT-549, SUM149PT,
MDA-BoM-1833, MDA-BoM-1834, and MDA-MB-231-BR) were plated in 6-well plates
(1.5 × 106 cells per well). After 24 h of incubation, RM-581 was added at specific IC50
concentrations for each cell line in a time-dependent manner (0, 3, 6, 12, and 24 h). The
cells were homogenized with QIazol Lysis Reagent (QIAGEN, Hilden, Germany, 1023537),
and total RNA was extracted following the miRNeasy kit’s instructions (QIAGEN, Hilden,
Germany, 1038703). RNA concentrations were measured based on their intrinsic absorptive
properties (260/280 and 260/230 ratios) using a Nanodrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). Reverse transcription was performed
using 3 to 5 µg of total RNA. First, total RNA was mixed with 10 mM of dNTP (Invitrogen,
Waltham, MA, USA, 18427-013), 50 µM of oligodT (IDT, 272857423) and 50 µM of random
hexamers (Invitrogen, Waltham, MA, USA, N8080127) at 65 ◦C for 5 min. Then, Reverse
Transcriptase (Superscript IV, Invitrogen, 18090050, RNaseOut 10777-019) was added for
a series of incubations: 10 min at room temperature, 15 min at 50 ◦C and 10 min at 80 ◦C.
Purification was performed following the QIAquick PCR Purification kit’s instructions
(QIAGEN, 28104). cDNA concentration was measured using Nanodrop (260/280 and
260/230 ratios). Real time PCR quantifica-tion was performed in triplicate using 20 ng of
cDNA and SYBr Green mix (Thermo Fisher Scientific, Waltham, MA, USA 2010604).

A melting curve was created to assess non-specific signals. The relative quantity was
calculated using the fit point method and by applying the delta cycle threshold (Ct) method
as the amplification efficiencies of the curves were 100% [26]. Hypoxanthine guanine
phosphoribosyl transferase 1 (HPRT1) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were used as reference genes. To control the genomic DNA contamination
in cDNA samples we used a fragment of genomic DNA from the 3β-hydroxysteroid
dehydrogenase (3βHSD) gene. The mRNA levels are indicated in percentage terms relative
to reference genes. The primer sequences are reported in Table S2. Nonparametric Mann–
Whitney tests were performed. The significance level was set at p < 0.05.
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3. Results
3.1. RM-581 Has an Antiproliferative Effect on Breast Cancer Cell Lines
3.1.1. RM-581 Antiproliferative Effect Found in 2D Culture

To assess the antiproliferative capacity of RM-581, we treated each cell line with a
range of concentrations of RM-581 to determine the IC50. We first tested a normal breast
cell line (MCF10A) and BC cell lines depending on their molecular BC subtype. As shown
in Table 1, the IC50 of RM-581 (50% of cell growth inhibition) for MCF10A was 17.1 µM,
which was the highest IC50 found in this study. The graph for each cell line is shown in
Figure S1.

Table 1. Antiproliferative effect of RM-581 on all BC molecular subtypes cell lines.

Cell Lines Molecular Subtype IC50 (µM) [a]

MCF10A Normal 17.1 ± 0.61

MCF7 Luminal A 2.8 ± 1.15 ****

BT-474 Luminal B 12.0 ± 4.28 **

MDA-MB-453 HER2 13.4 ± 0.97

JIMT-1 HER2 12.3 ± 2.21 *

MDA-MB-231 TNBC 10.4 ± 2.40 ***

BT-549 TNBC 8.7 ± 0.37 ****

SUM159PT TNBC 8.5 ± 1.10 ****

MDA-MB-468 TNBC 6.9 ± 1.03 ****

SUM149PT TNBC 5.6 ± 0.96 ****

HER2: human epidermal growth factor receptor 2. TNBC: triple-negative breast cancer. [a]: means from 3 ex-
periments performed in triplicate ± SD. One-way ANOVA followed by Tukey tests was performed. * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001 compared with the normal cell line MCF10A.

The IC50 obtained for all the BC cell lines were significantly different from the IC50
obtained from the normal breast cell line MCF10A, except for MDA-MB-453. This result
demonstrates that RM-581 is more effective against cancerous cells than against normal
cells in the breast. As shown in Table 1, luminal A (ER+/PR+ and HER2-) and TNBC
(ER-/PR- and HER2-) cell lines seem to be more sensitive to RM-581, with IC50 values of 2.8,
10.4, 8.7, 8.5, 6.9, and 5.6 µM for MCF7, MDA-MB-231, BT-549, SUM159PT, MDA-MB-468,
and SUM149PT, respectively. In contrast, Luminal B (ER+/PR+ and HER2+) and HER2
(ER-/PR- and HER2+) cell lines had IC50 values of 12.0, 13.4 and 12.3 µM for BT-474,
MDA-MB-453 and JIMT-1, respectively. This suggests that the overexpression of HER2
leads to a decrease in the effectiveness of RM-581 against these cell lines. Even though the
IC50 of MDA-MB-453 and MCF10A are not different, RM-581 could still be effective against
HER2 cell lines as the IC50 of the other HER2 cell line, JIMT-1, is significantly lower than
that of MCF10A.

Taken together, these results demonstrate that RM-581 was effective on all tested BC
cell lines. However, each molecular BC subtype cell line had different sensitivity to RM-581.
The luminal A and TNBC cell lines were the most sensitive, while the luminal B and HER2
cell lines were less sensitive.

3.1.2. RM-581 Antiproliferative Effect Found in 3D Culture

We further confirmed the antiproliferative effect of RM-581 in 3D culture, by selecting
six BC cell lines (MCF7 (Luminal A), BT-474 (Luminal B), MDA-MB-453 (HER2), MDA-
MB-468 (TNBC), MDA-MB-231 (TNBC), and SUM149PT (TNBC)) to perform spheroid
assays (Figure 1A). We selected these cell lines to have a representation of each molecular
subtype. For the TNBC subtype, we selected the two cell lines with the lowest IC50
(MDA-MB-468 and SUM149PT) and the cell line with the highest IC50 (MDA-MB-231) to
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compare the effect of RM-581 within this molecular subtype. Each cell line was treated
with two or five times the concentration of IC50 determined in the 2D culture. As shown
in Figure 1B, two times the concentration of IC50 is sufficient to significantly decrease
BC cell line spheroid proliferation, except in MDA-MB-468. This could be explained by
the fact that the spheroids formed for the MDA-MB-468 cell line were larger in size than
in the other BC cell lines, which implies that this cell line proliferates faster (Figure 1A).
However, when a concentration of five times the IC50 of RM-581 was used, the proliferation
significantly decreased for all the BC cell lines spheroids. The percentage viability was
around 20% or less for all the BC cell lines, indicating that most cells were dead (Figure 1B).
Moreover, the proliferation of the normal breast cell line MCF10A was not affected when
treated with 5 µM of RM-581 in 3D culture (Figure 1C). These results corroborate those
found in 2D culture, confirming that RM-581 has an antiproliferative effect against all BC
molecular subtypes.

3.2. RM-581 Is More Effective in Combination with Other Breast Cancer Treatments
3.2.1. RM-581 in Combination with Anti-HER2 Therapies

One of the treatment strategies for BC is to target one of the molecular markers in
order to have a personalized treatment for each molecular subtype. Trastuzumab, a well-
established BC treatment, is a monoclonal antibody that targets one of the extracellular sub-
domains of HER2 [27]. A derivative of trastuzumab called T-DM1 (trastuzumab-emtansine)
is an antibody drug conjugate formed with trastuzumab and the cytotoxic molecule
DM1 [28]. These treatments are administered specifically to patients with HER2+ BC.
We evaluated if RM-581 and trastuzumab or T-DM1 could have a greater effect on the
decreasing cancer cell proliferation when administered in combination.

As shown in Figure 2A, the combination of RM-581 and trastuzumab significantly
improved the anticancer effect of trastuzumab alone. The addition of trastuzumab to
RM-581 improved the effect compared with RM-581 alone for both HER2 cell lines but
not significantly (Figure 2A). As shown in Figure 2B for MDA-MB-453, the combination
of T-DM1 and RM-581 significantly improved the effect compared with T-DM1 alone and
RM-581 alone but did not significantly decrease cancer cell proliferation.

Taken together, these results show a benefit of using RM-581 in combination with
anti-HER2 therapies to treat HER2+ BC patients effectively.

3.2.2. RM-581 in Combination with Chemotherapy

One of the major strategies of treatment for BC is chemotherapy, which is administered
regardless of BC subtypes along with personalized therapy. However, for TNBC, no person-
alized therapy is currently available, and chemotherapy remains the only pharmaceutical
treatment strategy [29]. We evaluated the effect of the combination of RM-581 and PTX
or DTX, two taxanes used as chemotherapy treatment, on the proliferation of four TNBC
cell lines (BT-549, MDA-MB-231, MDA-MB-468, and SUM149PT). For BT-549, the antipro-
liferative effect of RM-581 was significantly improved when the drug was administered
in combination with PTX. As for DTX, the combination of DTX and RM-581 significantly
improved the antiproliferative effect of DTX but not that of RM-581 (Figure 3A). For MDA-
MB-231 and MDA-MB-468, when RM-581 was administered with either DTX or PTX, the
combination of drugs improved the antiproliferative effect of RM-581 but not that of the
taxanes (Figure 3B,C). Finally, for SUM149PT, the combination of RM-581 and PTX signif-
icantly improved the antiproliferative effect of RM-581 but not that of PTX. As for DTX,
the antiproliferative effect of DTX and RM-581 was significantly improved when the drugs
were administered in combination compared with the administration of each drug alone
(Figure 3D).
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Figure 1. Confirmation of RM-581 efficacy in 3D culture. Spheroids of each cell line were formed using
ultra-low attachment plates. RM-581 treatment was administered at 2 or 5 times the concentration
of IC50 found in 2D culture for each cell line. (A) Representative pictures of the spheroids after
RM-581 treatment. (B) Cell proliferation assay after 7 days of RM-581 treatment. All experiments
were performed in triplicate. (C) Cell proliferation assay for the normal breast cell line MCF10A with
5 µM of RM-581. Mann–Whitney tests were performed * p < 0.05 vs. CTL. ns: non-significant vs. CTL.
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Figure 2. Combination of RM-581 with trastuzumab or T-DM1. Proliferation assays were performed
for: (A) MDA-MB-453 and BT-474 cells treated with trastuzumab (TZ) at 4 µg/mL and RM-581 at
10 µM; and (B) MDA-MB-453 cells treated with trastuzumab-emtansine (T-DM1) at 10−1 µM and
RM-581 at 10 µM. All experiments were performed in triplicate. One-way ANOVA was performed
followed by Tukey test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

These results demonstrate that RM-581 could be administered in combination with
taxanes as it does not compete with the effects of DTX or PTX on TNBC cell lines.
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Figure 3. Combination of RM-581 with chemotherapy drugs. Proliferation assays were performed 
with paclitaxel (PTX) at 10−3 µM or docetaxel (DTX) at 10−2 µM and RM-581 at 1 µM for BT-549 (A) 
and MDA-MB-231 (B), or RM-581 at 0.1 µM for MDA-MB-468 (C), or RM-581 at 5 µM for SUM149PT 
(D). Each drug was administered alone and in combination. All experiments were performed in 

Figure 3. Combination of RM-581 with chemotherapy drugs. Proliferation assays were performed
with paclitaxel (PTX) at 10−3 µM or docetaxel (DTX) at 10−2 µM and RM-581 at 1 µM for BT-549 (A)
and MDA-MB-231 (B), or RM-581 at 0.1 µM for MDA-MB-468 (C), or RM-581 at 5 µM for SUM149PT
(D). Each drug was administered alone and in combination. All experiments were performed in
triplicate. One-way ANOVA was performed followed by Tukey test. * p < 0.05, ** p < 0.01, *** p = 0.001,
**** p < 0.0001.
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3.3. RM-581 Increases the Expression of Endoplasmic Reticulum Stress Apoptosis Markers

The mechanism of action of RM-581 has been previously investigated in pancreatic
and prostate cancers as an EnR-stress aggravator [11,14]. Hence, we investigated whether
RM-581 anticancer effects lead to EnR-stress apoptosis in BC cells as well. Each BC cell line,
i.e., MCF7 (luminal A), BT-474 (luminal B), MDA-MB-453 (HER2), MDA-MB-468 (TNBC),
MDA-MB-231 (TNBC), and SUM149PT (TNBC), was treated in a time-dependent manner
(0 h, 3 h, 6 h, 12 h, and 24 h) with the IC50 concentration established with the proliferation
assay to observe the early effects of exposure to RM-581. The mRNA expression levels
of intrinsic apoptosis markers (BCL2 and CYCS), EnR-stress marker (BIP), and EnR-stress
apoptosis marker (CHOP) were analyzed. For each of the BC cell lines tested, exposure
to RM-581 did not affect the expression of CYCS (Figure 4A). The expression of BCL2
significantly increased after 6 h of RM-581 exposure (for MCF7, BT-474 and MDA-MB-231
cell lines); however, this increase seemed to be transitory as from 12 h, BCL2 expression
significantly decreased for MCF7 and BT-474. On the other hand, the expression of BIP
and CHOP significantly increased in parallel with the exposure time to RM-581 for all
BC cell lines (Figure 4A). Moreover, the increase in BIP and CHOP expression was higher
than BCL2 expression after RM-581 exposure, as the highest relative quantity of BCL2 was
around 150%, whereas the relative quantities of BIP and CHOP exceeded 200%. These
results support the fact that the RM-581 anticancer mechanism of action is dependent on
EnR-stress apoptosis in BC, as observed in pancreatic cancer (PANC-1) and prostate cancer
(PC-3) cells [11,14].

In addition, EnR is also involved in lipid biosynthesis by producing enzymes of this
pathway. Among these, SCD (Stearoyl-CoA desaturase 1) is the rate-limiting enzyme of
fatty acids synthesis [30]. The level of SCD transcripts was, therefore, measured after 3,
6, and 12 h of RM-581 exposure in the MCF7, BT-474, MDA-MB-453, and SUM149PT BC
cell lines. As shown in Figure 4B, a decrease in SCD expression was observed at the three
time points for BT-474 and MDA-MB-453. The SCD expression decreased at 3 h and 12 h of
RM-581 exposure for MCF7 and for SUM149PT, at 6 h and 12 h of RM-581 exposure.

Taken together, these results support the fact that RM-581 disrupts lipid homeostasis
by inducing EnR-stress-induced apoptosis.

3.4. RM-581 Is Effective against TNBC Derivative Metastasis

Metastatic TNBC has the poorest survival rate among the molecular subtypes [31].
Therefore, treatments that could be effective to treat metastatic TNBC are essential and
eagerly awaited. We evaluated the efficacy of RM-581 on metastasis derived from TNBC. We
selected three cell lines that are subpopulations obtained after inoculation of the MDA-MB-
231 cell line into nude mice, which then formed metastasis in their bones (subpopulation
1833), lungs (subpopulation 1834), and in the brain (subpopulation BR) [32,33].

The IC50 values for the three TNBC metastatic cell lines were 9.4 µM, 8.6 µM, and 11.1 µM
for MDA-BoM-1833, MDA-BoM-1834, and MDA-MB-231-BR, respectively (Figure 5A). These
values were significantly different from the IC50 values found for the normal cell line
MCF10A. Thus, RM-581 has an antiproliferative effect on TNBC metastatic cell lines.
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Figure 4. RM-581 induces endoplasmic reticulum stress apoptosis and disturbs lipid synthesis in
breast cancer cell lines. (A) Each cell line was treated with the specific IC50 concentration for different
exposure times (0, 3, 6, 12, and 24 h). RT-qPCR transcript quantifications of (A) canonical apoptosis
pathway markers (BCL2 and CYCS) and endoplasmic reticulum stress apoptosis markers (BIP and
CHOP) and of (B) lipid synthesis marker SCD. Controls: GAPDH and HPRT1. Mann–Whitney test
was performed. * p < 0.05 vs. control (0 h).
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Figure 5. RM-581 is effective against TNBC-derived metastatic cell lines. Three MDA-MB-231-derived
metastatic cell lines were selected: MDA-BoM-1833 (bones), MDA-BoM-1834 (lungs), and MDA-MB-
231-BR (brain). (A) Proliferation assays were performed for each cell line, with increasing doses of
RM-581 (0, 0.1, 0.5, 1, 5, 10, 20, and 30 µM). The cell growth was calculated as the percentage of treated
cells compared with untreated cells. All experiments were performed in triplicate and means ± SD
were calculated and plotted for each drug concentration. Each dot represents the mean value of three
experiments ± SD. [a]: means from 3 experiments performed in triplicate ± SD. One-way ANOVA
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followed by Tukey test were performed. *** p < 0.001; **** p < 0.0001 compared with the normal cell
line MCF10A. (B) RM-581 treatments were administered at 2 times or 5 times the concentration of
IC50 found in 2D culture for each cell line. Cell proliferation assays were performed after 7 days
of RM-581 treatment. Representative images of the spheroids are shown. All experiments were
performed in triplicate. Mann–Whitney tests were performed. * p < 0.05 vs. CTL. ns: non-significant
vs. CTL. (C) Proliferation assays were performed with DTX or PTX at 10−1 µM and RM-581 at 5 µM
for each selected cell line. Each drug was administered alone and in combination. All experiments
were performed in triplicate. One-way ANOVA followed by Tukey test was performed. * p < 0.05
** p < 0.01. (D) Each cell line was treated with the specific IC50 concentration for different times of
exposure (0, 3, 6, 12, and 24 h). RT-qPCR transcript quantifications of canonical apoptosis pathway
markers (BCL2 and CYCS) and endoplasmic reticulum stress apoptosis markers (BIP and CHOP).
Controls: GAPDH and HPRT1. Mann–Whitney was performed. * p < 0.05 vs. control (0 h).

These results were also confirmed in 3D culture by performing a proliferation assay
on TNBC metastatic cell line spheroids. As shown in Figure 5B, twice the concentration
of the IC50 found in 2D culture was sufficient to significantly decrease the proliferation
of MDA-MB-231-BR spheroids, but not MDA-BoM-1833 and MDA-BoM-1834 spheroids.
However, when 5 times the concentration of the IC50 found in 2D culture was applied, the
proliferation of all three TNBC metastatic cell lines spheroids significantly decreased below
50% cell viability.

In addition, for all three TNBC metastatic cell lines, the combination of RM-581 and
chemotherapy drug (DTX or PTX) seemed to improve the anticancer effect of each drug
alone (Figure 5C). Indeed, the combination of DTX and RM-581 significantly improved
the antiproliferative effect of DTX for all three TNBC metastatic cell lines and significantly
improved the antiproliferative effect of RM-581 for MDA-MB-231-BR. The combination
of PTX and RM-581 significantly improved the antiproliferative effect of PTX for all three
TNBC metastatic cell lines, and significantly improved the antiproliferative effect of RM-581
for MDA-BoM-1834.

The mechanism of action of RM-581 was the same in TNBC metastatic cell lines as
in the other BC cell lines used in this study. Indeed, RM-581 treatment did not change
the expression of BCL2 and CYCS transcripts for any of the three TNBC metastatic cell
lines. In contrast, the level of both BIP and CHOP transcripts were higher than the control
(0 h) for all times of exposure (3, 6, 12, and 24 h) for all three TNBC metastatic cell lines
(Figure 5D), indicating that the RM-581 mechanism of action is dependent on EnR-stress-
induced apoptosis.

4. Discussion

In this study we assessed the anticancer effect of RM-581 in twelve BC cell lines.
RM-581 could be a therapeutic strategy to treat BC and even metastatic TNBC as we
demonstrated that RM-581 has an antiproliferative effect on all BC molecular subtypes and
metastatic TNBC cell lines both in 2D and in 3D cultures.

Our results are concordant with a previous study where RM-581 effects were tested in
the luminal A (MCF7) BC cell line [10]. We found that the IC50 of RM-581 for the BC cell
line MCF7 was 2.8 µM and was 17.1 µM for MCF10A, which is very similar to the results
found by Perreault et al. [10]. However, they only focused on one BC molecular subtype,
luminal A, whereas our study has demonstrated the effectiveness of RM-581 on all BC
molecular subtypes (luminal A, luminal B, HER2, and TNBC) as well as TNBC derived
metastatic cell lines.

We have shown that RM-581 displays the potential to treat patients with TNBC. For
the TNBC cell lines, the mean IC50 was around 8 µM. RM-581 is particularly effective
against MDA-MB-468 (6.9 µM) and SUM149PT (5.6 µM) compared with MDA-MB-231
(10.4 µM), BT-549 (8.7 µM), and SUM159PT (8.5 µM). This difference in sensitivity could be
explained by different TNBC subtypes; MDA-MB-468 and SUM149PT are basal, and MDA-
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MB-231, BT-549 and SUM159PT are of the mesenchymal TNBC subtype, according to the
classification of Lehmann et al. [34]. It is known that the basal-like TNBC subtype is highly
proliferative due to an enrichment of genes involved in the proliferation pathway [34].
RM-581 seems to target proliferative cells as it is less harmful to normal cell line MCF10A.

Drug combination is an important part of BC treatments and regimens as it is a very
heterogeneous disease. Combination treatments can prevent BC patients from side effects,
drug resistance and recurrence [35]. Trastuzumab is a neoadjuvant/adjuvant therapy that
sensitizes cancer cells to other treatment. It is well known that trastuzumab does not have a
drastic effect on inhibiting tumor growth [25,36,37]. A similar effect was observed for RM-
581 on HER2-positive BC cell lines. We demonstrated that the combination of trastuzumab
and RM-581 significantly improves the efficacy of both drugs in BT-474, and significantly
improves the efficacy of trastuzumab in MDA-MB-453, with an enhancement of RM-581
efficacy. On the other hand, T-DM1 is a treatment administered to patients with HER2+
advanced BC [38]. We found similar effects to the combination of trastuzumab and RM-581
with the combination of T-DM1 and RM-581 on MDA-MB-453. We showed that HER2-
positive BC cell lines have the highest IC50 for RM-581 compared with the other molecular
subtypes. Thus, the combination of trastuzumab or T-DM1 and RM-581 could lead to a
reduction in the RM-581 concentration administered to patients with HER2-positive BC.

Due to the lack of ER and PR expression as well as HER2 overexpression, patients
with TNBC cannot receive targeted therapies such as hormonal therapy or anti-HER2
therapy, and chemotherapy remains the only treatment for these patients [39]. Long-term
effects of chemotherapy include cardiomyopathy, second cancers, early menopause, sterility,
and psychosocial impacts [29]. Here, we demonstrated that the combination of DTX or
PTX with RM-581 increases the antiproliferative effects of the taxanes compared with the
administration of the drug alone on all four TNBC cell lines. The combination of RM-581
with chemotherapy drugs such as taxanes could be used to treat patients with TNBC more
efficiently and reduce the concentration of DTX and PTX to avoid long-term side effects.

Although the survival rate of BC patients is encouraging with a 5 year relative cancer-
specific survival rate of 90.3%, the survival rate of metastatic BC patients remains low,
especially for patients with metastatic TNBC, with a 5 year relative cancer-specific survival
rate of 12% [40]. Thus, it is crucial to find new solutions for the treatment of metastatic
BC. We used the three cell lines MDA-BoM-1833, MDA-BoM-1834, and MDA-MB-231-BR
as models for metastatic TNBC. These cell lines are good models as they maintain their
metastatic activity after multiple passages and they show a distinct transcriptional signature
depending on their metastatic site [32,33,41]. We demonstrated that RM-581 is effective
against all three metastatic TNBC cell lines, representing a potential hope for patients with
metastatic TNBC.

The EnR is the organelle responsible for the production and folding of cellular proteins
and contributes to cell homeostasis. Due to extracellular environmental disturbances, unfolded
proteins can accumulate in the EnR lumen, causing the activation of a specific stress pathway
named the unfolded protein response (UPR). The UPR leads to two signaling pathways: pro-
survival to restore the cell homeostasis or pro-death if EnR-stress is prolonged [42]. The UPR
appears to be an important mechanism maintaining tumor cell malignancy [43]. Therefore,
targeting UPR signaling is a new promising therapeutic approach.

Our results support that EnR-stress-induced apoptosis could be involved in the RM-581
mechanism of action. In fact, a gradual increase in BIP was observed for all the molecular
subtype BC cell lines. BIP (also known as GRP78) is one of the EnR chaperones which are
essential to maintain the normal function of the EnR and the activation of the UPR [44,45].
This suggests that RM-581 might induce EnR-stress by activating UPR signaling. Moreover,
an increase in CHOP with the highest peak at 12 h, was observed for MCF7, BT-474, MDA-
MB-231, and SUM149PT and at 24 h for MDA-MB-453 and MDA-MD-468. CHOP is one the
UPR downstream effectors and is the principal activator of the apoptosis induced by EnR-
stress [46]. Taken together, these results suggest that RM-581 is an EnR-stress aggravator
that could induce the EnR-stress-induced apoptosis. This is concordant with previous
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results observed in pancreatic cancer and prostate cancer cell lines [11,14]. This possible
mechanism is in accordance with a previous study showing that RM-581 accumulates in
the EnR, indicating that RM-581 could directly interact with an EnR protein and cause
EnR-stress-induced apoptosis [14,47].

The EnR is the site of lipid biogenesis, such as fatty acids. Moreover, in cancer cells,
the lipid metabolism is affected, which promotes tumor cell survival [48]. Thus, we selected
the marker of fatty acid biosynthesis, SCD, to investigate the effect of RM-581 on lipid
homeostasis. After the treatment of RM-581 for 12 h, we observed a decrease in SCD
transcript for all molecular subtype BC cell lines. This suggests that RM-581 could also
decrease BC cell proliferation by modulating lipid biosynthesis. Further investigations are
needed to decipher the potential mechanism of action of RM-581.

EnR-stress and UPR signaling are important in tumorigenesis and lead to treatment
resistance. This is one of the major challenges for BC therapy as many patients acquire
resistance to their treatment [49].Therefore, having new treatments that could target UPR
signaling to bypass treatment resistance is a crucial need. RM-581 has been proven to
have an anticancer effect in an induced DTX-resistant prostate cancer cell line [14].We
have also shown that RM-581 inhibits the proliferation of JIMT-1 (IC50 = 12.3 µM), a well
characterized trastuzumab-resistant cell line [50].

In this study, we demonstrated that RM-581 is particularly effective against TNBC cell
lines, and especially basal-like subtypes (MDA-MB-468 and SUM149PT). Here we tested
four of the six TNBC subtypes: BL1 (MDA-MB-468), BL2 (SUM149PT), M (BT-549), and
MSL (SUM159PT and MDA-MB-231) subtypes [34]. It would be interesting to test the effect
of RM-581 on the two remaining subtypes (IM and LAR) to highlight which TNBC subtype
patients could benefit the most from RM-581.

Spheroids are aggregates of cells grown in suspension that are used as 3D culture
models. Multicellular tumor spheroids (MCTS) represent avascular tumor nodules with a
transcript profile closer to in vivo tumor gene expression profiles than tumor cells in 2D
culture. MCTS are widely used to assess tumor response to new synthetized drugs [51]. We
demonstrated that RM-581 is able to decrease the proliferation of tumor cells in 3D for all
the BC molecular subtypes, suggesting that RM-581 could be effective in vivo. Obviously,
further in vivo tests such as xenografts are required to assess the efficacy and safety of
RM-581 in animal models.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12134241/s1. Figure S1: RM-581 has an antiproliferative
effect on BC cell lines. Proliferation assays were performed for each cell line, with increasing doses
of RM-581 (0, 0.1, 1, 10, and 30 µM). The cell growth was calculated as the percentage of treated
cells compared with untreated cells. All experiments were performed in triplicate and means ± SD
were calculated and plotted for each drug concentration. Table S1: Breast cancer cell lines by
molecular subtypes and culture media. ER—estrogen receptor. PR—progesterone receptor. HER2—
human epidermal growth factor receptor 2. TNBC—triple-negative breast cancer. Table S2: qPCR
primers details.
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