Biomedicine & Pharmacotherapy 158 (2023) 114070

FI. SEVIER

Contents lists available at ScienceDirect
Biomedicine & Pharmacotherapy

journal homepage: www.elsevier.com/locate/biopha

biomedicine ..
PHARMACOTHERAPY

Check for

The synthetic molecule stauprimide impairs cell growth and migration in  [&&s

triple-negative breast cancer

P. Carrillo™™', M. Bernal »", C. Téllez-Quijorna®, A.D. Marrero®”, 1. Vidal >, L. Castilla™",
C. Caro”, A. Dominguez”, M.L. Garcfa-Martin >¢, A.R. Quesada ®"“, M.A. Medina *",

B. Martinez-Poveda > %"

@ Departamento de Biologia Molecular y Bioquimica, Facultad de Ciencias, Universidad de Malaga, Andalucia Tech, E-29071 Malaga, Spain
b Instituto de Investigacion Biomédica de Madlaga y Plataforma en Nanomedicina (IBIMA Plataforma BIONAND), C/Severo Ochoa, 35, 29590, Mdlaga, Spain
¢ Biomedical Research Networking Center in Bioengineering, Biomaterials & Nanomedicine (CIBER-BBN), Spain

4 CIBER de Enfermedades Raras (CIBERER, Instituto de Salud Carlos III), Spain

¢ CIBER de Enfermedades Cardiovasculares (CIBERCV, Instituto de Salud Carlos III, Madrid), Spain

ARTICLE INFO ABSTRACT

Keywords:

Stauprimide

Triple-negative breast cancer
Antitumoral compound
Proliferation

Migration

Stauprimide, a semi-synthetic derivative of staurosporine, is known mainly for its potent differentiation-
enhancing properties in embryonic stem cells. Here, we studied the effects of stauprimide in cell growth and
migration of triple-negative breast cancer cells in vitro, evaluating its potential antitumoral activity in an
orthotopic mouse model of breast cancer in vivo. Our results from survival curves, EQU incorporation, cell cycle
analysis and annexin-V detection in MDA-MB-231 cells indicated that stauprimide inhibited cell proliferation,
arresting cell cycle in Go/M without induction of apoptosis. A decrease in the migratory capability of MDA-MB-
231 was also assessed in response to stauprimide. In this work we pointed to a mechanism of action of stau-
primide involving the modulation of ERK1/2, Akt and p38 MAPK signalling pathways, and the downregulation of
MYC in MDA-MB-231 cells. In addition, orthotopic MDA-MB-231 xenograft and 4T1 syngeneic models suggested
an effect of stauprimide in vivo, increasing the necrotic core of tumors and reducing metastasis in lung and liver
of mice. Together, our results point to the promising role of stauprimide as a putative therapeutic agent in triple-

negative breast cancer.

1. Introduction

Breast cancer is the leading cause of cancer incidence in 2020, rep-
resenting 11.7 % of cancer cases worldwide, and accounting for 1 in 4
cancer cases in women [1]. Therefore, early diagnosis and the devel-
opment of effective treatments are of vital importance. However, the
search for new therapeutics in this disease is challenged by the high
heterogeneity (both in clinical and molecular aspects) displayed by
breast cancer. The most aggressive molecular subtype of breast cancer is
the triple negative (TNBC), characterized by the lack of expression of
estrogen receptor (ER), progesterone receptor (PR) and EGF receptor 2
(HER2), which is usually related with mechanisms of chemoresistance
and active metastasis in patients [2].

Stauprimide, a semi-synthetic derivative of staurosporine, was

characterized in 2009 as a potent enhancer of differentiation in em-
bryonic stem cells (ESC) [3]. In that study, and despite the powerful
activity of its parent compound staurosporine as a non-selective inhib-
itor of protein kinases (PK), the potential of stauprimide as PK inhibitor
was not particularly remarkable, discarding this as the primary mode of
action for the differentiation-enhancing effect reported for this mole-
cule. Evidence about the mechanism underlying stauprimide effects in
ESC pointed to the decrease of MYC transcription by direct interference
of this molecule with nuclear translocation of NME2 [3], a MYC acti-
vator highly expressed in ES cells [4,5].

In addition to being involved in the maintenance of pluripotency in
stem cells [6], CMYC controls the expression of a large number of genes
in our organism, regulating diverse cellular processes including cell
differentiation, proliferation, migration and survival, among others,
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being considered a protoncogene [7]. Given the importance of CMYC in
tumor development, the role of stauprimide in cancer was studied in a
panel of different tumor cell lines in vitro, pointing to the possible
antitumor activity of this compound [8]. In that work, the inhibitory
effect of stauprimide on tumor growth was shown in an in vivo murine
model of renal cancer, whereas its activity in other cancer types, such as
breast cancer, was not described.

In this work the effect stauprimide on human TNBC cells prolifera-
tion and its underlying mechanism of action has been studied in vitro and
the antitumor activity of this compound has been explored in vivo by
means of orthotopic xenograft and syngeneic models. Our data show
that stauprimide inhibits TNBC cells growth by a mechanism involving
cell cycle arrest in Go/M and interfering with proliferation and survival
pathways without induction of apoptosis. In addition, the inhibitory
effect of stauprimide in cell migration in vitro and the reduction of in vivo
metastases in lung and liver indicates a role of this compound in pre-
venting metastasis derived from TNBC. In sum, our studies point to
stauprimide as a potent inhibitor of cell growth and possible anti-
metastatic compound in the context of TNBC.

2. Material and methods
2.1. Cell cultures and treatments

Breast carcinoma cell lines MDA-MB-231 (human, triple negative)
MCF7 (human, ER+, PR+, HER2-, luminal A) and 4T1 (murine, triple
negative) [9,10] were provided by ATCC (Rockville, MD, USA) and
maintained in RPMI-1640 (MDA-MB-231) or DMEM containing 4.5 g/L
glucose (4T1 and MCF7). Non-transformed human embryonic kidney
cells (HEK-293T) and human gingival fibroblasts (HGF) were obtained
from ATCC and maintained in MEM or DMEM containing 4.5 g/L
glucose. All culture media were supplemented with 10 % FBS, 2 mM
L-glutamine, 50 IU/mL penicillin, 0.05 mg/mL streptomycin and 1.25
mg/L amphotericin B. All cell lines were maintained at 37 °C and hu-
midified 5 % CO2 atmosphere. Cell culture media were purchased from
Lonza (Basel, Switzerland), penicillin/streptomycin and amphotericin B
were provided by BioWest (Kansas City, KS, USA), and fetal bovine
serum (FBS) was purchased from Capricorn. Plastics for cell culture were
supplied by Thermo Scientific Nunc (Thermo Fisher Scientific; Waltham,
MA, USA). Stauprimide was purchased from Sigma-Aldrich (MERK;
Darmstadt, Germany) and reconstituted in dimethyl sulfoxide (DMSO).
All treatments in cells were performed in complete media at doses and
times indicated in each assay; an equivalent DMSO (vehicle) dose was
added in control conditions.

2.2. Methylthiazol tetrazolium (MTT) survival assay

The MTT dye reduction assay was performed as previously described
[11,12]. MTT reagent was purchased from Sigma-Aldrich (MERK;
Darmstadt, Germany). Briefly, 2 x 103 cells were incubated in 96-well
plates in the presence of serial dilutions of stauprimide in quadruplicate.
After 3 days of incubation, 10 pL of MTT (5 mg/mL in PBS) was added to
each well and the plate was incubated for a further 4 h. The resulting
formazan was dissolved in 0.04N HCI-2-propanol and measured in a
spectrophotometer at 550 nm. ICsy values were calculated as the con-
centration of stauprimide yielding 50 % of cell growth for each cell line
after 3 days of treatment. At least three independent replicates were
performed of this assay.

2.3. Cell cycle analysis

Subconfluent MDA-MB-231 and 4T1 cells in 6-well plates were
treated with different concentrations of stauprimide overnight. A
negative control with the vehicle (DMSO) and a positive control with 20
pM 2-methoxystradiol (2-ME) were included in the assays. After treat-
ment, cells were harvested and centrifuged. Pellets were washed with
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PBS supplemented with 1 % FBS and 10 mM HEPES, and then cells were
fixed in 70 % ice-cold ethanol for 1 h at 4 °C. Finally, cells were
centrifuged and washed twice, suspended in propidium iodide staining
solution (40 pg/mL propidium iodide, 0.1 mg/mL RNase-A and 2 mM
EDTA in PBS supplemented with 1 % FBS and 10 mM HEPES), and
incubated for 30 min at 37 °C protected from light. Samples were
analyzed in a FACS VERSE™ flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) and the percentages of cell population in G¢/Gj, S and
Gy/M phases of the cycle, and the population in sub-G; (fragmented
DNA), were determined using the BD FACSuite program (BD Bio-
sciences). At least three independent replicates were performed of this
assay.

2.4. 5-ethynyl-2'-deoxyuridine (EdU) staining and detection by flow
cytometry

MDA-MB-231 cells were grown in 6-well plates (1.5 x 10° cells/
well) until they reached 80 % confluence. Cells were treated overnight
with different doses of stauprimide, and a negative control (cells in
cultured medium containing DMSO) was included in the assay. EAU
Flow Cytometry kit (BaseClick; Munich, Germany) was used in this
assay. After treatments, the medium was replaced with fresh medium
containing 1 pL/mL of EdU, and cells were incubated for a further 2 h.
Then, cells were washed, harvested and neutralized with PBS supple-
mented with 1 % FBS and 10 mM HEPES. Samples were centrifuged for
5 min at 1600 rpm, washed with PSB containing 1 % BSA and fixed with
4 % PFA in PBS for 15 min in the dark. After that, cells were centrifuged
and washed with 1 % BSA in PSB and permeabilized with saponin.
Finally, samples were incubated for 30 min in 0.5 mL of the buffer
supplied by the kit and analyzed in a FACS VERSE™ flow cytometer
using the BD FACSuite program. Three independent replicates were
performed of this assay.

2.5. Annexin V/7-AAD staining and detection by flow cytometry

MDA-MB-231 cells were grown in 6-well plates until subconfluence
and then treated overnight with culture medium with different doses of
stauprimide or DMSO (control). After treatments, cells were harvested
and centrifuged for 1 min at 1600 rpm, and cell suspensions of 100000
cells/mL were prepared. The viable, necrotic, early apoptotic and late
apoptosis populations were determined by the FITC Annexin-V
Apoptosis Detection Kit I (BD Biosciences-Pharmingen; Franklin Lakes,
NJ, USA) following the manufacturer’s instructions. Samples were
analyzed in a FACS VERSE™ flow cytometer using the BD FACSuite
program. Three independent replicates were performed of this assay.

2.6. mRNA extraction and detection of MYC expression by real-time
quantitative PCR (rt-qPCR)

Subconfluent MDA-MB-231 and MCF?7 cells grown in 6-well plates
were treated with different concentrations of stauprimide or DMSO
(negative control) for 6 h. For total RNA isolation, cells were harvested
in Tri Reagent (Merck; Darmstadt, Germany) and RNA was extracted
using Direct-Zol RNA miniprep kit (Zymo Research; Irvine, CA, USA)
following the manufacturer’s protocol. Integrity and quantity of isolated
RNA were determined in a NanoDrop One (Thermo Fisher Scientific;
Waltham, MA, USA). The retrotranscription to cDNA was performed
with PrimeScript™ RT Reagent Kit (Takara Bio INC.; Kusatsu, Shiga,
Japan). For ¢cDNA amplification, the SYBR Premix Ex Taq™ II (Takara
Bio INC.; Kusatsu, Shiga, Japan) was used in an Eco™Real-Time PCR
System (Illumina; San Diego, California, USA). Predesigned primers for
qPCR analysis were used (KiCqStart™ SYBR Green Primers Predesigned;
Merck-Sigma Aldrich; Darmstadt, Germany). Analysis of MYC expres-
sion by rt-qPCR was performed in duplicate for each sample according to
the manufacturer’s instructions, and at least three independent experi-
ments were performed. All rt-qPCR data were normalized to ACTB gene
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(B-actin) expression.
2.7. Western-blot assays

Cells were treated overnight with stauprimide at the indicated con-
centrations. After washing with cold PBS, protein samples were obtained
in lysis buffer (0.5 M Tris-HCI, pH 6.8; 12 % SDS; 10 % glycerol). Protein
concentration was measured using DC Protein Assay (Bio-Rad Labora-
tories; Hercules, California, USA) and p-mercaptoethanol and bromo-
phenol blue were added at final concentrations of 5 % and 0.2 %,
respectively. Samples were denaturalized at 95 °C for 5 min, and 30 pg
of total protein were subjected to SDS-PAGE electrophoresis and trans-
ferred to nitrocellulose membranes. After blocking in TBS-T (Tris 20
mM, NaCl 137 mM, Tween-20 0.1 %) containing 10 % non-fatty dry
milk, membranes were hybridized with primary antibodies overnight at
4 °C. Rabbit anti-Phospho-Akt (Ser473; #9271), rabbit anti-Akt
(#9272), rabbit anti-phospho-p44/42 MAPK (P-ERK1/2; Thr202/
Tyr204; clone D13.14.4E; #4370), rabbit anti-p44/42 MAPK (ERK1/2;
137F5; #4695), rabbit anti-phospho-p38 MAPK (Thr180/Tyr182; 12F8;
#4631), rabbit anti-p38 MAPK (#9212) and mouse anti-a-tubulin
(DM1A; #3873) antibodies were purchased from Cell Signaling Tech-
nology (Danvers, Massachusetts, USA). Mouse anti—p27Kipl (sc-1641)
antibody was purchased from Santa Cruz Biotechnology (Dallas, Texas,
USA) and rabbit monoclonal anti-c-MYC (Y69 clone, ab32072) antibody
was purchased from Abcam (Cambride, UK). Membranes were washed
in TBS-T and incubated 1 h with secondary horseradish peroxidase
(HRP)-conjugated secondary antibodies at room temperature (donkey
anti-rabbit IgG HRP-linked was from Merck, and horse anti-mouse IgG
HRP-linked was from Cell Signaling Technology). Immunoreactive
bands were detected with SuperSignal West Pico Chemiluminescent
Substrate (Pierce; Rockford, USA) in a Chemidoc XRS System (Bio-Rad
Laboratories; Hercules, California, USA). Densitometric quantification
of the bands was performed by Fiji software [13]. The phosphor-
ylated/total protein ratios were expressed as the percentage of the ratio
phosphorylated/non-phosphorylated protein. At least three indepen-
dent replicates were performed of these assays.

2.8. Cell migration assays by wound healing

Confluent cell monolayers in 6-well plates were wounded with pipet
tips in two perpendicular diameters, resulting in two acellular 1 mm-
wide lanes per well. Then, cells were incubated in complete medium
with DMSO (positive control of migration) or medium containing
different concentrations of stauprimide. Wounded areas were observed
and photographed at time 0 and after 6 h of incubation with a micro-
scope camera Nikon DS-Ri2 coupled to a Nikon Eclipse Ti microscope
(Nikon, Tokyo, Japan). The migration into the cell-free area was quan-
tified by Fiji software [13] and represented as the percentage of
wounded area in the correspondent time normalized to the initial
wounded area (time 0) for each experimental condition. At least three
independent replicates were performed of this assay.

In order to assess the cell migration capability by time-lapse, a
confluent layer of MDA-MB-231 cell in an 8-well plate was wounded
using a pipette tip. Treatments and control were included in the assay in
a similar manner than explained before, with additional Hoechst stain-
ing (2.5 mg/mL in PBS) in order to follow cell cycle progression for each
cell. After 1 h, cells were followed by a time-lapse experiment with
captures every 10 min with Leica TCS SP5 confocal microscope (20X NA
0.7). Incubation conditions of 37 °C and 5 % of CO, were maintained
throughout the assay and individual cell tracking analysis from the
borders of the scratch was monitored during cell cycle progression until
the cell started the mitosis process. Image analyses were performed by
Fiji Software [13], using the Manual Tracking Plugin.
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2.9. Orthotopic in vivo models of TNBC (xenograft and syngeneic models)

Orthotopic xenograft breast cancer model: MDA-MB-231 cells were
collected from subconfluent culture dishes (80-90 % confluence) and 1
x 108 cells in a volume of 100 pL PBS were inoculated orthotopically in
the second mammary fat pad of female SCID mice (Charles River; Wil-
mington, Massachusetts, USA). During this procedure, animals were
anaesthetized with isoflurane 1 %. For the in vivo studies using stau-
primide, experimental groups were randomly established, and treat-
ments were initiated 20 days after tumor cell inoculation. The design
included 3 groups of animals: negative control (non-bearing tumors
mice), n = 2; positive control (xenograft mice under DMSO treatment),
n = 3; and stauprimide-treated xenograft mice, n = 3. Treatments were
administered by oral gavage twice per week at 25 mg/Kg final con-
centration (approx. 20 g weight per mouse), a well tolerated dose as
described in [8]. Drug administration and MRI scanning were performed
for all groups for 3 weeks in total, and body weights of animals were
annotated during the treatment period. Animals were sacrificed at the
end of the 3 weeks of treatments, according to the animal procedures,
and tumors, lungs, kidneys and livers were processed for histology.

Orthotopic syngeneic breast cancer metastasis model: 4T1 murine TNBC
cells (1 x 10° cells in a volume of 100 pL PBS) were inoculated ortho-
topically in the second mammary fat pad of 9 weeks old BALB/c female
mice. 3 days after inoculation of cells, two experimental groups were
randomly established and animals were treated with vehicle (DMSO; n
= 5) or stauprimide (25 mg/kg; n = 4) twice per week. The progression
of the tumoral masses was followed by MRI, and body weights of ani-
mals were annotated during the experiment. After 21 days, mice were
sacrificed according to the animal procedures, and tumors, lungs and
livers were processed for histology.

All the MRI experiments were carried out on a 9.4 T Bruker Biospec
System equipped with 400 mT/m gradients. All studies were conducted
on a 40 mm quadrature bird-cage resonator. High resolution T2-
weighted images were acquired using a turbo-RARE sequence with
respiratory gating (TE = 16 ms, TR = 1000 ms, 4 averages, 156 um in-
plane resolution and 1 mm slice thickness).

These experiments were performed in accordance with the Spanish
and European Guidelines for Care and Use of Laboratory Animals (R.D.
53/2013 and 2010/62/UE) and approved by our Local Animal Ethics
Committee, and the Highest Institutional Ethical Committee (Andalu-
sian Government, accreditation number 14/09/2021,/129).

2.10. Histologic samples preparation and processing

Tissues were fixed in 4 % formaldehyde (pH 7 buffered; Panreac
Quimica, Castellar del Valles, Barcelona, Spain) for 48 h, changing the 4
% formaldehyde after 24 h. Then, samples were dehydrated through
graded ethanol, and embedded in paraffin (temperature 56 °C for 2 h
under stirring and vacuum). All procedures were performed following
the same steps: paraffin-embedded samples were sectioned at 6 um
thickness, then deparaffinized (2 steps of 10 min in xylol) and rehy-
drated (2 steps of 5 min in absolute ethanol, 2 steps of 5 min in 96 %
ethanol, 5 min in 70 % ethanol and 5 min in distilled water). Then, tissue
sections were stained with different protocols.

Hematoxylin and Eosin (H&E) staining: Sections were incubated for 5
min in Harris Hematoxylin solution, 5 min in 96 % ethanol and 5 min in
distilled water. Then, sections were rinsed in 96 % ethanol and finally
incubated 3 min in 1 % of Eosin Yellowish hydroalcoholic solution.

Immunohistochemical detection of Ki67: It was performed following
the manufacturer indications of VitroView In Situ Ki67 IHC-DAB
Detection Kit (VitroVivo Biotech, Maryland, USA). Quantification of
Ki67-positive cells and the total number of cells in tissue sections was
performed in random areas of the tumors, using Fiji software [13] and
following the method described in [14].

May-Griinwald-Giemsa: Blood was drawn from the tail of the mouse.
A blood smear was made on a slide using a freshly drawn drop. Then,
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samples were dried at room temperature. At this point, samples were
stained with May-Griinwald's eosin-methylene blue solution modified
for 5 min and Giemsa’s Azure Eosin Methylene Blue solution (1:7) in PBS
for 15 min. Finally, samples were dried at room temperature and
mounted on commercial glass slides.

2.11. Statistical analysis

Quantitative results are expressed as means + SD of at least three
independent experiments. Statistical significance was determined using
GraphPad Prism software by two-sided unpaired Student’s t-test or
ANOVA, and values of p < 0.05 were considered to be statistically sig-
nificant. p-values were represented as: *p < 0.05; **p < 0.01; ***p <
0.001.

3. Results
3.1. Stauprimide affects cell growth and survival in breast cancer cell lines

As a first approximation to evaluate the effect of stauprimide (Fig. 1
A) in breast cancer cell lines, MDA-MB-231 (human, triple negative),
4T1 (murine, triple negative) and MCF7 (human, ER+, PR+, HER2-,
luminal A) cells were grown for 3 days in the presence of increasing
doses of this compound. Cell viability was then evaluated by the MTT
assay and survival curves revealed that, although stauprimide reduced
cell growth in the three cell lines, the inhibitory effect was more pro-
nounced in the case of MDA-MB-231 (ICsp 1.07 4+ 0.52 pM) and 4T1
(ICsp 0.8 £+ 0.1 pM) cells compared to MCF7 (ICso >20 pM) (Fig. 1B,
Suppl. Fig. 1). Interestingly, in non-transformed cell lines HEK-293 T
(human embryonic kidney cells) and HGF (human gingival fibroblasts)
stauprimide exhibited low toxicity, since ICsq values were at least one
order of magnitude higher than the calculated for TNBC cells (Fig. 1B
and Suppl. Fig. 1).

The observation of the stronger effect exhibited by stauprimide in
MDA-MB-231 and 4T1 cells compared to MCF7 and non-transformed
cell lines led us to further explore the anticancer role of stauprimide
in TNBC cells. A possible cytostatic effect of the compound was derived
from the survival curve obtained for MDA-MB-231 cells, since despite its
low ICsp value the curve did not reach 100 % of mortality. However, this
effect was less marked in 4T1 cells, in which the survival drops near to
zero (Fig. 1B and Suppl. Fig. 1).

The cell growth of MDA-MB-231 was monitored along 6 days in
presence of different concentrations of stauprimide, observing a signif-
icant reduction in cell growth from day 2 compared to control for all the
treatment conditions (Fig. 1C). Of note, at the dose of 0.5 pM of stau-
primide, after a slight increase during the first 2 days, cell number
remained almost invariant until the end of the experiment. Higher doses
of stauprimide (2 and 10 pM) exhibited a stronger inhibition of cell
growth from day 2, but they did not induce total cell death after 6 days,
supporting the effect observed in survival curves and suggesting an
impairment in cell proliferation rather than a direct toxicity effect in this
cell line.

3.2. Stauprimide induces cell cycle arrest and inhibits proliferation in
MDA-MB-231

In view of the observed effects of stauprimide in survival and cell
growth of MDA-MB-231 cells, the influence of the compound on cell
cycle progression was studied. After treatment with different doses of
stauprimide (0.5, 2 and 10 pM) for 16 h in MDA-MB-231 cells, IP
staining was performed and cell cycle analysis was carried out, showing
a clear reduction of cell population in G¢/G; phase in parallel with an
evident increase of cell population in Gz/M phases in 10 pM
stauprimide-treated cells (Fig. 1D,E). These data indicated that the
compound clearly induced cell cycle arrest in Go/M in MDA-MB-231, a
similar effect to the observed changes induced by 2-methoxyestradiol (2-
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ME), used as positive control of cell cycle blockage.

According to the possible effect of stauprimide on cell proliferation
suggested by the results obtained in cell growth curves and cell cycle
analysis, EAU incorporation was measured in MDA-MB-231 cells in
presence of different doses of the compound. As shown in Fig. 2A,B,
stauprimide reduced the proportion of cells that incorporated EdU
(proliferative cells) compared with untreated cells, increasing at the
same time the proportion of quiescent cells (Fig. 2B). These results
suggested that the compound inhibited cell proliferation in a direct
manner.

Interestingly, in cell cycle analysis, no significant increase in cells
with fragmented DNA (subG;) was observed with treatments (Fig. 1E),
suggesting that stauprimide may not be inducing apoptosis in MDA-MB-
231 cells under the assayed conditions. To corroborate this observation,
the exposition of annexin-V in the cell membrane of MDA-MB-231 in
absence (negative control) and presence of stauprimide was studied.
Analysis of the data showed that stauprimide neither increased the
population of cells in early apoptosis (annexin-V positive, 7-AAV nega-
tive) nor the proportion of cells in late apoptosis (annexin-V positive, 7-
AAV positive) (Fig. 2 C,D), indicating the absence of apoptosis induction
under these treatment conditions. Interestingly, the population of death
cells (annexin-V negative, 7-AAD positive) was not higher in treated
cells compared to the control (Fig. 2D), suggesting a low toxicity of
stauprimide in MDA-MB-231 cells. However, despite apoptosis was not
detected in MDA-MB-231 cells treated with stauprimide, in 4T1 murine
TNBC cells this compound increased the population of cells in subG;
compared to control condition, indicating a possible apoptosis induction
in 4T1 in response to stauprimide (Suppl. Fig. 2).

3.3. Stauprimide modulates growth and survival signalling pathways in
breast cancer cells, and inhibits MYC expression

To get a deeper insight into the molecular mechanism of stauprimide
underlying the observed effects on MDA-MB-231 growth and survival,
the possible influence of this compound on proliferation and survival
signalling pathways was investigated. Results showed that stauprimide
significantly inhibited the PI3K/Akt survival pathway in a dose-response
manner in MDA-MB-231 (Fig. 3A,B), together with the reduction in the
MAPK-ERK1/2 pathway (Fig. 3C,D). In addition, the MAPK-p38
pathway was increased in presence of stauprimide (Fig. 3E,F), indi-
cating a modulatory pattern of this compound in the main signalling axis
related to cell growth and survival.

According to ICs values, stauprimide did not affect MCF7 cells so
strongly compared to MDA-MB-231 and 4T1 TNBC cells (Fig. 1B). In
order to determine if the different behaviour of the breast cancer cell
lines was due to a differential effect of stauprimide in modulation of
signalling pathways, the activation of PI3K/Akt, ERK1/2 and p38-MAPK
pathways was analyzed in MCF7 cells. Interestingly, in contrast with the
effect detected in MDA-MB-231 cells (Fig. 3A,B), stauprimide signifi-
cantly increased the phosphorylation of Akt in MCF7 cells (Suppl. Fig.
3A,B), denoting a differential modulation of the pathway. However,
stauprimide decreased the activation of ERK1/2 pathway (Suppl. Fig.
3D,E) and increased phosphorylation of p38-MAPK (Suppl. Fig. 3F,G) in
MCF?7 cells, similar to the effects detected for stauprimide in MDA-MB-
231 (Fig. 3C-F). These data suggest that activation of PI3K/Akt survival
pathway in stauprimide-treated MCF7 cells could be buffering the
antiproliferative effect of the compound, in contrast with the more
pronounced effect achieved in MDA-MB-231, where PI3K/Akt pathway
was downregulated by stauprimide.

In addition to the observed effect in signalling pathways, we ana-
lysed the level of CMYC (a key regulator of cell cycle progression [15])
in MDA-MB-231 and in MCF7 in presence of stauprimide, since MYC
downregulation was proposed as the main mechanism of action of
stauprimide priming differentiation in embryonic stem cells and tar-
geting renal cancer cells [3,8]. As shown in Fig. 3 G,H, treatment with
stauprimide in MDA-MB-231 cells reduced CMYC in a dose-dependent
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Fig. 1. Studies of cell survival in different cell lines, and analysis of cell cycle in MDA-MB-231. (A) Molecular structure of stauprimide. (B) Survival curves and ICsq
values of different breast cancer and non-transformed cell lines in presence of stauprimide for 72 h (means of 3 independent experiments are showed). (C) Growth
curves of MDA-MB-231 cells in presence of different doses of stauprimide (staup) for 6 days. (D) Cell cycle representative profiles of IP-stained MDA-MB-231 cells in
different experimental conditions; 2-ME (2-methoxyestradiol) 20 pM was used as positive control; the unfilled overlaid curve represents the DMSO control (E)
Quantitative data of cell cycle analysis in MDA-MB-231 cells in absence or presence of stauprimide. In C and E, data represented mean + /- S.D. of 3 independent
experiments. Statistical analysis in C was performed by two-way ANOVA-multiple comparisons, and two-sided unpaired Student’s t-test was used in E; D is a
representative profile of 3 independent experiments.
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Fig. 2. Proliferation assay by EdU and study of annexin-V exposition in MDA-MB-231. (A) Flow cytometry representative profiles of EdU-treated MDA-MB-231 cells
in absence (control) or presence of stauprimide at different doses. (B) Quantitative data of EAU analysis in MDA-MB-231 subjected to different experimental con-
ditions. (C) Representative profiles of annexin-V assay in MDA-MB-231 in absence (control) or presence of stauprimide. (D) Quantitative data of annexin-V assay in
MDA-MB-231; AV-/7AAD- (cell population negative for both annexin-V and 7AAD, non-apoptotic cells), AV-/7AAD+ (cell population negative for annexin-V and
positive for 7AAD, death cells), AV+ /7AAD+ (cell population positive for both annexin-V and 7AAD, cells in late apoptosis), AV+ /7AAD- (cell population positive
for annexin-V and negative for 7AAD, cells in early apoptosis). In B and D, data represented mean +/- S.D. of 3 independent experiments and statistical analysis was
performed by two-sided unpaired Student’s t-test; A and C are representative profiles of 3 independent experiments in each case.

manner, correlating with a lower mRNA level (Fig. 3I), suggesting the
involvement of CMYC reduction in the observed effects of the compound
in these cells. In parallel, the expression of MYC was decreased in MCF7,
but the reduction did not reach even the 50 % (Suppl. Fig. 3G), in
contrast to the 60 % inhibition detected in MDA-MB-231 (Fig. 3I), and it
did not follow a dose-response pattern (Suppl. Fig. 3G). No differences
were detected in the level of CMYC mRNA between the two cell lines
(Suppl. Fig. 3H).

Finally, we measured the presence of p27Kipl in MDA-MB-231 cells
treated with stauprimide, since it was reported that CMYC induced a
direct downregulation of this cyclin-dependent kinase inhibitor in breast
cancer cells [16]. However, the level of p27Kipl in MDA-MB-231 cells
was unaffected in presence of stauprimide at the used experimental
conditions (Suppl. Fig. 4A,B).

3.4. Stauprimide affects migratory potential of MDA-MB-231

In addition to the inhibitory role of stauprimide in cell proliferation,
the capability of this compound to interfere in the migratory potential of
MDA-MB-231 was explored. Wound-healing assays showed a significant
reduction in the migration of these cells after 6 h of treatment with 2 and
10 pM of stauprimide (Fig. 4A,B). Additionally, time-lapse microscopy
was performed in order to observe in detail the response of the cells to
the treatment. Cells were followed from 1h to 8 h from the initial
treatment (Fig. 4C and Suppl. Movies 1-4), and quantitative parameters
of migration velocities and distances were measured in the different

conditions. As shown in Fig. 4D,E, the motility of cells was compromised
in presence of stauprimide, showing a significant reduction of migration
distances and velocities at 2 and 10 pM doses. In addition, at the highest
dose of stauprimide, cell morphology was clearly affected, showing a
rounded shape without cell extensions. Importantly, according to the
follow-up of Hoechst-stained cell nuclei throughout the assays, cell
proliferation was not detected at the analysed time points (data not
shown).

Supplementary material related to this article can be found online at
doi:10.1016/j.biopha.2022.114070.

Supplementary material related to this article can be found online at
doi:10.1016/j.biopha.2022.114070.

Supplementary material related to this article can be found online at
doi:10.1016/j.biopha.2022.114070.

Supplementary material related to this article can be found online at
doi:10.1016/j.biopha.2022.114070.

3.5. Stauprimide affects breast cancer progression and metastasis in vivo

In view of the results obtained in MDA-MB-231 in vitro, the in vivo
effect of stauprimide was explored in an orthotopic xenograft model of
breast cancer. After MDA-MB-231 inoculation in the mammary gland of
SCID female mice, tumor growth was followed by MRI. On day 20, when
tumoral masses reached measurable dimensions, stauprimide treatment
was initiated, and the evolution of tumor growth was followed by MRI
images in the experimental groups (Fig. 5A), together with a recording


http://doi:10.1016/j.biopha.2022.114070
http://doi:10.1016/j.biopha.2022.114070
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Fig. 3. Study of signalling pathways and CMYC expression in MDA-MB-231 cells. Representative Western-blots of (A) phospho-Akt (P-Akt), total Akt, (C) phospho-
ERK (P-ERK), total ERK, (E) phospho-p38 (P-p38), total p38, and a-tubulin in MDA-MB-231 in absence (control) or presence of stauprimide for 16 h. (B, D, F)
Quantitative data of densitometric analysis of Western-blots in A, C and E. (G) Representative Western-blots of CMYC and a-tubulin in MDA-MB-231 in absence
(control) or presence of stauprimide for 16 h. (H) Quantitative data of densitometric analysis of Western-blots in G, representing CMYC signal relative to a-tubulin. (I)
Relative MYC mRNA expression in MDA-MB-231 treated with stauprimide during 16 h; data were normalized with ACTB (p-actin) mRNA expression for each
condition and normalized to control condition. In B, D, F, H and I, data represented mean +/- S.D. of 3 independent experiments and statistical analysis was
performed by two-sided unpaired Student’s t-test; A, C, E and G are representative results of 3 independent experiments in each case.
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50 um. (D) Quantitative analysis of cell velocity (pm/s) and (E) covered distance (pm) measured for different individual cells in time-lapse wound-healing assays
performed in absence or presence of stauprimide. Time-lapse microscopy was performed twice with similar results. Statistical analysis was performed by two-sided

unpaired Student’s t-test.

of the animal weights during the assay (Suppl. Fig. 5A). Tumor volume
was calculated from MRI measurements as described in the Materials
and Methods section and normalized to the initial volume of each tumor
at the starting of the treatments, revealing a similar growth of both
DMSO- and stauprimide-treated mice from day 20 until day 27 (Fig. 5B).

From this day, tumors of stauprimide-treated mice showed a slight but
significant reduction in relative volume compared to the DMSO group
(Fig. 5B). In addition, the growth rate of tumors in both groups was
calculated, suggesting a decrease in the case of stauprimide-treated
mice, as denoted by the slope values reached in each group (Fig. 5C).
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Fig. 5. In vivo assay of MDA-MB-231 orthotopic xenograft model. (A) Representative cross-sectional MRI images of MDA-MB-231 tumors (white arrowheads)
developed in an orthotopic model in SCID mice; stauprimide or vehicle (DMSO) treatments were initiated at day 20 (black arrow) and repeated twice a week; tumors
were followed by MRI until day 37. (B) Quantitative analysis of tumor volumes measured by MRI in DMSO (red line) and stauprimide-treated (blue line) mice; tumor
volumes were normalized to volume at the start of treatments in each animal and Sutudent’s t-test analysis was performed to compare tumor-volume progression in
both groups; black arrow denotes the start of the treatments. (C) Linear regression analysis of data represented in B. (D) Left, representative H&E staining and Ki-67
IHC of breast tumors in DMSO and stauprimide-treated animals, scale bars: 1000 pm. Right, delimited for black box, high-magnification areas from equivalent
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Although a strong effect of stauprimide in tumor growth was not
evidenced, histological processing by H&E staining revealed that tumors
from stauprimide-treated mice showed a heterogeneous cell density
distribution pattern, with a large necrotic core, and proliferative cells
(Ki67+) restricted to the most external areas (Fig. 5D). In contrast, tu-
mors of the DMSO group were more homogeneous in cell density, and
proliferative cells (Ki67+) were distributed along the whole tumoral
area (Fig. 5D). However, quantitative analysis of Ki67 + cells of tumors
from stauprimide-treated mice compared to tumors from DMSO-treated
mice indicated that the percentage of Ki67 + cells in proliferative areas
was similar in both experimental groups (Suppl. Fig. 5B).

In order to evaluate the role of stauprimide in metastasis, we studied
different susceptible organs, such as liver, kidney and lung, in the
experimental groups. H&E staining in these tissues showed the absence
of micrometastases in all the conditions, evidencing the lack of metas-
tasis formation during the assay (Suppl. Fig. 6 A). Nevertheless, May-
Griinwald-Giemsa staining of blood samples showed that the percentage
of white blood cells in DMSO-treated tumor-bearing mice was increased
compared to the non-tumor bearing control group (animals without
cancer cells injection) (Suppl. Fig. 6B,C), probably denoting the acti-
vation of an tumor-associated immune response in the animals. Inter-
estingly, in the stauprimide-treated tumor-bearing mice, the percentage
of white blood cells was similar to that measured in the control group
(Suppl. Fig. 6B,0).

Given that no distant organ metastasis were detected in the MDA-
MB-231 orthotopic xenograft model, a syngeneic orthotopic model of
breast cancer with 4T1 cells (murine TNBC) was performed in immu-
nocompetent BALB/c mice. This model represent a more standardized
system in which orthotopic injection of cells derives in efficient metas-
tasis in lungs, liver, and other tissues [17], compared to the poorly
metastatic ability of MDA-MB-231 in vivo when inoculated orthotopi-
cally [18].

During the assay, the progression of the tumoral mass was followed
by MRI. The growth of 4T1 tumors was faster than the detected in MDA-
MB-231 xenograft, and data did not reveal a decrease in growth rate in
stauprimide-treated animals compared to DMSO-treated mice (Suppl.
Fig. 7A). In parallel to treatments, body weights of mice were followed,
revealing a significant reduction in body weight in DMSO-treated mice
compared to stauprimide-treated group, in which animals remain in
constant body weight during the assay (Suppl. Fig. 7B). Despite the lack
of reduction in tumor growth in stauprimide-treated mice, histological
analysis indicated a clear increase in necrotic areas inside the tumors of
this group, as was detected for MDA-MB-231 tumors. In addition, cell
density in tumors of stauprimide-treated animals was lower compared to
tumors in DMSO-group.

As it was expected, at the end of the experiment animals developed
metastases in lungs and liver (Fig. 6A,B). As shown in Fig. 6A, lungs of
DMSO-treated mice showed metastatic proliferative nodules, as denoted
by Ki67 + stainning. In stauprimide-group, these proliferative masses
were not detected, indicating a reduction in metastasis in this organ. In
addition, livers of DMSO-group showed a high number of micro-
metastatic nodules, and stauprimide treatment significantly reduced the
number of micrometastases in the liver of the animals (Fig. 6B,C).

4. Discussion

The alarming rates of breast cancer incidence today make it neces-
sary the search for new therapies and drugs in order to address the
current situation. In this context, data shown in this work on the effect of
stauprimide reveal the potential of this compound to reduce the prolif-
eration of human triple-negative breast cancer (TNBC) cells in vitro, also
affecting their migratory capability. Accordingly, in vivo data obtained
from a murine model of orthotopic xenograft provide evidence of an
increase in the necrotic areas of stauprimide-treated animals, which
could compromise the integrity of tumors and underly an antitumoral
potential of stauprimide in breast cancer.

10

Biomedicine & Pharmacotherapy 158 (2023) 114070

In this work, we evidenced that the small molecule stauprimide
exerted a potent inhibition of proliferation in the TNBC cell lines MDA-
MB-231 and 4T1, denoted by the reduction in cell survival and growth
curves, and also observed in the decrease in EdU labelled cells as a
consequence of a reduced DNA synthesis. Interestingly, the ICsq values
obtained for MDA-MB-231 (1.07 pM) and 4T1 (0.8 uM) were similar to
the reported data for renal cancer cell line RXF 393 (780 + 160 nM) [8],
being more than an order of magnitude lower than that obtained for
MCF7, an ER+, PR+, HER- luminal-A breast cancer cell line (ICso
higher than 20 pM), and for non-transformed cell lines (HEK-293 and
HGF). This suggests a stronger effect of stauprimide in TNBC, a high
aggressive subtype of breast cancer defined by a high proliferative po-
tential and uncontrolled growth, in addition to the lack of response to
antitumoral agents [2]. Despite the clear reduction in cell proliferation
observed in vitro in MDA-MB-231 cell line, breast tumors developed in
an orthotopic xenograft model showed a slight decrease in growth rate
when animals were treated with stauprimide, although a clear increase
of the necrotic area inside the tumors was observed. This effect of
stauprimide increasing the necrotic area of tumors was also detected in
the 4T1 orthotopic syngeneic model, although in this case, the growth
rate of the tumors was unaffected by the compound. It is important to
note that, even when the necrotic core was increased, the external area
of the tumors presented a similar Ki67 + staining, contributing to tumor
growth. The anticancer effect of stauprimide was firstly described in a
renal cancer model [8], and now our data point to an effective antitu-
moral effect of this compound in TNBC, promoting necrosis of the
tumors.

Mechanistically, in this work we revealed a strong cell cycle arrest in
Go/M phase of MDA-MB-231 cells in presence of stauprimide, indicating
a clear blockage of cycle progression, which results in an impairment of
cell proliferation. Although we did not observe signs of apoptosis in-
duction in MDA-MB-231 in the assayed conditions, it has been well
documented that prolonged mitotic arrest in cells should result in acti-
vation of apoptosis or, in a certain genetic context, drive the cells into a
senescence-like phenotype [19]. In view of the growth curves of
MDA-MB-231, stauprimide seems to be exerting a cytostatic effect in
these cells, only decreasing cell survival at long-term points. This would
fit with the mentioned senescence-like phenotype that courses with
prolonged mitotic arrest, which would represent an antioncogenic
strategy [19,20]. However, stauprimide increased the population of cells
with fragmented DNA (subG;) in 4T1 cells, probably indicating that in
these murine cells the compound exhibits stronger effect in cell viability,
even inducing apoptosis at high doses. This observation would explain
the sharper decrease in cell survival observed in 4T1 compared to
MDA-MB-231 in presence of stauprimide.

After exploration of the activation state of some of the main path-
ways implicated in cell growth and survival, we found that stauprimide
reduced the activation of ERK1/2 MAPK and PI3K/Akt in MDA-MB-231
cells. Interestingly, Zhu and collaborators showed that stauprimide at
low doses (0.5 pM) exhibited a poor ability to inhibit kinase proteins in a
non-cellular based in vitro system [3], in contrast with the potent mul-
tikinase inhibitory activity of its parent natural compound staur-
osporine. However, in those experiments stauprimide showed a
consistent inhibition on certain kinases, such as Mixed-Lineage Kinase 1
(MLK1, 55 % inhibition at 0.5 pM of stauprimide). MLK1 (also known as
MAP3K9 or MEKK9) is a protein kinase involved in signal transduction
that is frequently expressed in certain cancer types, as is the case of
melanoma and breast cancer [21,22] and is located upstream of
different signalling axes such as ERK1/2 MAPK, among others [23].
Consistent with the formerly described inhibition of MLK1, our data
show that stauprimide reduced the activation of ERK1/2 MAPK in
MDA-MB-231. Since the MEK1/ERK1/2 pathway is known to be
involved in cell proliferation mainly in response to mitogens, and its
overactivation in many human tumors has been documented [23], its
inhibition in MDA-MB-231 cells in response to stauprimide could
contribute to the observed impairment in proliferation in these cells. In
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parallel, in this work we describe that stauprimide inhibits Akt phos-
phorylation in MDA-MB-231 cells. The PI3K/Akt signalling pathway
controls normal cellular processes such as cell proliferation, growth,
survival and motility. These processes are critical for tumorigenesis and
consequently, an aberrant activation of the PI3K/Akt axis has been
observed in many cancers, including TNBC [24-26]. The reduction in
Akt phosphorylation, together with ERK1/2 MAPK downregulation, in
presence of stauprimide would fit with the observed decrease in prolif-
eration in MDA-MB-231. In view of our data, we discarded a multitarget
kinase inhibitory effect as the underlying mechanism of action of stau-
primide in the modulation of proliferation, since this compound reduced
cell growth of MDA-MB-231 and inhibited PI3K/Akt and ERK 1/2
signaling pathways at low dose (0.5 pM), in which a multikinase
inhibitory ability of the compound was not detected, as reported in [27].

Despite the role of PI3K/Akt pathway in survival mainteinance in
cells, we did not observe apoptosis induction in stauprimide-treated
MDA-MB-231 cells, probably due to the activation of multiple path-
ways implicated in cell survival and the dysregulation on apoptotic
machinery described in TNBC, which allow evasion of apoptosis [28,
29]. Moreover, in accordance with the downregulation observed in
PI3K/Akt pathway, the migratory potential of MDA-MB-231 cells is
compromised in presence of stauprimide, suggesting a possible
anti-metastatic effect of this compound in breast cancer tumors.
Although we did not detect the presence of micrometastatic nodules in
the analysed tissues derived from animals of the MDA-MB-231 ortho-
topic model, our data suggested a reduced presence of white blood cells
in circulating blood of stauprimide-treated tumor-bearing mice
compared to DMSO group, which could indicate the absence of a
tumor-elicited pro-inflammatory environment in the
stauprimide-treated animals, a process related to the initiation of
metastasis from the primary tumor [30-32]. Complementarily, in the
4T1 orthotopic syngeneic model used in this work, we detected a
reduction in metastases in lungs and livers of animals treated with
stauprimide, pointing to the anti-metastatic potential of this compound.
Of note, animals in DMSO-group exhibited a significant reduction in
body weight during the assay, probably denoting the adversal conse-
quences of metastases in lungs and liver. In contrast, stauprimide treated
animals remain in a constant body weight during the assay, indicating
the lack of toxicity of the compound and suggesting better health con-
ditions of these mice compared to DMSO-group.

Additionally, we observed that p38-MAPK pathway was over-
activated in stauprimide-treated MDA-MB-231 cells. The activation of
this pathway occurs in response to environmental and genotoxic
stresses, leading to different cellular fates, such as apoptosis, terminal
differentiation, or senescence. In fact, p38 has been described to
modulate tissue homeostasis through the promotion of cell differentia-
tion while negative controlling proliferation in many cell types [33,34].
Although it was initially considered as a tumor-supressor kinase due to
the negative modulation exerted on Ras signaling [35], in the last years,
a dual role for p38-MAPK in tumorigenesis has been proposed, since it
has been described as a tumor-promoter protein in certain cancer types
and tumoral contexts [33,36]. Interestingly, and in accordance with the
activation of the pathway observed in stauprimide-treated MDA-MB-231
cells, p38-MAPK regulates cell cycle activating checkpoint responses at
both G;/S and Gy/M phases [37-39], and the sustained activation of
p38-MAPK has been described to suppress mammary tumorigenesis
through activation of p16 pathway [40]. In addition, the overexpression
of PPM1D (Protein Phosphatase, Mg2 +/Mn2 + Dependent, 1D), a
negative regulator of p38-MAPK, has been documented in breast cancer
[41], suggesting that the observed activation of this pathway in
MDA-MB-231 in presence of stauprimide could contribute to the
anti-tumoral effect of this compound in TNBC. Additionally, the acti-
vation of p38-MAPK pathway has been reported to be a key axis in the
promotion of cell senescence [42,43]. The showed overactivation of this
pathway in stauprimide-treated MDA-MB-231 could drive in these cells
the senescence-like behaviour observed in presence of the compound, an
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underlayer mechanism that has been observed for antitumoral agents in
other cancer contexts [20,44]. Interestingly, the histology of breast tu-
mors derived from the animal models used in this work showed an in-
crease in the necrotic core of the tumoral mass when animals were
treated with stauprimide, which could fit with the induction of
senescence-associated cell death in cancer cells.

In this work, we showed that stauprimide reduced the expression of
MYC, together with a decrease in CMYC protein, in MDA-MB-231 cells,
as previously described [8]. CMYC is a very pleiotropic transcription
factor involved in a high variety of physiological processes in cells, such
as cell-fate patterning, proliferation, migration and survival, among
others, being a known protoncogene [7]. Its role in cell cycle progression
has been largely studied, being related to several cell cycle checkpoints
and antagonizing the activity of cell cycle inhibitors such as p21 and p27
[45]. Indeed, the showed Gy/M arrest of MDA-MB-231 cells in presence
of stauprimide could be a consequence of the reduction in CMYC, since
the depletion of this protein in several tumor cell lines has been
described to result in a blockage of cell cycle in this phase [46].
Nevertheless, we did not observe an induction in p27X%! in parallel with
CMYC downregulation, despite the documented suppressing role of
CMYC in p27 expression in breast cancer [47,48]. Interestingly, stau-
primide has been described as an enhancer of differentiation in ESCs in
vitro, being a potent inhibitor of MYC expression through a mechanism
involving the blockage of nuclear translocation of the protein NME2 [3].
Although the existence of a NME2-driven inhibitory effect in MYC
expression in MDA-MB-231 cells treated with stauprimide can not been
discarded, our data showed the downregulation of both PI3K/Akt and
ERK1/2 MAPK pathways in response to the compound, suggesting that
these effects could contribute to the observed CMYC reduction in these
cells in response to stauprimide. In fact, MYC expression, protein sta-
bilization and activity are promoted by the Ras/Raf/ERK pathway [49]
and by GSK3, a known downstream target of the PI3K/Akt pathway [24,
50], suggesting that the inhibition of these pathways could be sufficient
to downregulate CMYC in breast cancer cells in presence of stauprimide.

Although the exact mechanism of action of stauprimide in TNBC cells
is not fully elucidated in this work, the differential modulation in sig-
nalling pathways observed in MDA-MB-231 and MCF7 in response to
stauprimide could underly the difference in cell survival observed in
TNBC cell lines compared to MCF7 breast cancer cells. Our data suggest
that activation of PI3K/Akt survival pathway in stauprimide-treated
MCF7 cells could be buffering the antiproliferative effect of the com-
pound, in contrast with the more pronounced effect achieved in MDA-
MB-231, where PI3K/Akt pathway is downregulated. Regarding MYC
expression, the level of CMYC has been found to be elevated in TNBC
tumors [51,52]. This is also the case for TNBC cell lines, especially
MDA-MB-231 compared to other TNBC cell lines [52]. However, we
show that the expression of MYC is similar in MDA-MB-231 and MCF7
cells, and stauprimide is able to reduce this expression in both cell lines,
suggesting that the observed differential effect of stauprimide on
MDA-MB-231 cell growth compared to that on MCF7 is not due to dif-
ferences in CMYC regulation.

5. Conclusions

In conclusion, data presented in this work point to the promising role
of stauprimide as a therapeutic agent in TNBC. Although the exact
mechanism of action of this compound underlying its antitumoral and
anti-metastatic activities needs to be fully elucidated, our in vitro results
point out an important reduction in cell proliferation together with cell
cycle arrest in Go/M, probably driven by the inhibition in ERK1/2 MAPK
and PI3K/Akt pathways, together with the downregulation in MYC
expression. Additionally, the overactivation of the p38-MAPK pathway
could suggest the activation of senescence-induced cell death in TNBC
cells and tumors in response to stauprimide, which remains to be
explored. The effect of the compound inhibiting migration in vitro could
be related to the observed anti-metastatic effect in vivo, and the exact
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mechanism of action of stauprimide in this activity remains to be
explored. Although more extensive studies should be performed in order
to unveil the antitumoral effect of stauprimide in TNBC, including its
anti-metastatic effect, its role in senescence induction, or the efficiency
of the combined therapies with chemotherapeutic drugs, our work
suggests a potential of this compound in cancer treatment, opening an
unexplored therapeutic pathway for TNBC.
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