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MiRNA-449 family is epigenetically repressed and sensitizes to
doxorubicin through ACSL4 downregulation in triple-negative
breast cancer
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Despite progress in breast cancer treatment, a significant portion of patients still relapse because of drug resistance. The
involvement of microRNAs in cancer progression and chemotherapy response is well established. Therefore, this study aimed to
elucidate the dysregulation of the microRNA-449 family (specifically, microRNA-449a, microRNA-449b-5p, and microRNA-449c-5p)
and its impact on resistance to doxorubicin, a commonly used chemotherapeutic drug for the treatment of triple-negative breast
cancer. We found that the microRNA-449 family is downregulated in triple-negative breast cancer and demonstrated its potential as
a diagnostic biomarker. Besides, our findings indicate that the downregulation of the microRNA-449 family is mediated by the
microRNAs-449/SIRT1-HDAC1 negative feedback loop. Moreover, it was found that the microRNA-449 family dysregulates the fatty
acid metabolism by targeting ACSL4, which is a potential prognostic biomarker that mediates doxorubicin response through
regulation of the drug extrusion pump ABCG2. Altogether, our results suggest that the microRNA-449 family might be a potential
therapeutic target for the treatment of triple-negative breast cancer since it is implicated in doxorubicin response through ACSL4/
ABCG2 axis regulation. Ultimately, our results also highlight the value of microRNAs-449 and ACSL4 as diagnostic and prognostic
biomarkers in triple-negative breast cancer.
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BACKGROUND
Breast cancer (BC) is the most diagnosed type of cancer and the
leading cause of cancer-related death in women worldwide [1]. BC
patients’ treatment options are based on the expression of
progesterone receptor (PR), estrogen receptor (ER), and human
epidermal growth factors receptor type 2 (HER2), among other
factors. Hormone blockers and inhibitors are used in patients with
hormone receptor-positive BC, while anti-HER2 drugs are adminis-
tered to those patients with HER2-positive BC. These targeted
therapies are commonly used in combination with chemotherapy.
However, the triple-negative BC (TNBC) subtype is characterized
by the lack of expression of these biomarkers, which makes
chemotherapy the most eligible treatment option in clinical
practice [2]. TNBC accounts for 15% of BC cases and is considered
the most aggressive and invasive BC subtype, presenting the
worst prognosis [3, 4]. Approximately 50% of TNBC patients
relapse after receiving chemotherapy [5], which evidences the
need for new therapeutic targets. In this scenario, adaptative
chemoresistance, which refers to the preexistence of resistant
tumor cells, is currently under study [6–9]. Concretely, doxorubicin

is often included in neoadjuvant regimes in TNBC patients, and
the presence of resistant tumor cells is known to limit its
effectiveness [6, 10]. Therefore, it is crucial to decipher the
molecular and genetic bases of drug resistance to find new
therapeutic tools, which might help to improve the efficacy of
current treatments.
In this sense, microRNAs (miRNAs) are found to be dysregu-

lated in several cancer types by epigenetic reprogramming
[11, 12], and emerged as potential prognostic molecules
involved in biological processes and chemotherapy response
[13–17], by either acting as tumor suppressors or tumor
promoters. MiRNAs are small non-coding RNAs that bind by
seed sequence complementarity to the 3’UTR region of their
target mRNAs, leading to gene silencing by mRNA degradation
or translational inhibition [18]. In particular, the miRNA-449
family (miRNA-449a, miRNA-449b-5p, and miRNA-449c-5p) of
tumor suppressors is located in the second intron of the CDC20B
gene [19], and has been reported to promote cell cycle arrest
and apoptosis, as well as to inhibit cell proliferation, migration,
and invasion in several cancer types [20–26].
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This study aims to clarify the dysregulation of the miRNAs-449’s
in TNBC and to understand its involvement in doxorubicin
response.

RESULTS
The miRNAs-449 are potential diagnostic biomarkers and
their lower expression is associated with poor prognosis
in TNBC
To elucidate the role of miRNAs-449 in TNBC, their basal
expression levels were first evaluated by RT-qPCR in the TNBC
cell lines MDA-MB-231 and MDA-MB-436 and in the non-tumoral
cell line MCF10A. The results showed a significantly lower
expression of miRNAs-449 in both TNBC cell lines compared to
the MCF10A cell line (up to 0.8-fold decrease) (Fig. 1A). Similarly,
the expression of these miRNAs was also evaluated by RT-qPCR in
a cohort of primary biopsies from TNBC tissue samples (n= 55)
and healthy breast tissue samples (n= 19). MiRNA-449 family was
found significantly downregulated in TNBC tissue samples
compared to healthy tissue samples (Fig. 1B), thus confirming
the underexpression of these miRNAs not only in cell lines but also
in TNBC patient samples.
To study the clinical relevance of these miRNAs, their value as

diagnostic biomarkers was assessed by ROC curve analysis. We
found that miRNAs-449 expression differed between TNBC
patients and healthy tissue samples, with an AUC of 0.9051 for
miRNA-449a, 0.9613 for miRNA-449b-5p, and 0.8507 for miRNA-
449c-5p. Using the optimal cut-off value for miRNA-449a
(−2.556), a sensitivity of 80% and specificity of 95.65% were
obtained. Similarly, a sensitivity of 90.91% and specificity of
95.65% were detected for miRNA-449b-5p (best cut-off=
−2.327), and a sensitivity of 61.82% and specificity of 94.74%
were obtained for miRNA-449c-5p (best cut-off=−3.015) (Fig.
1C). Notably, the detection based on a combination signature of
all miRNAs helped to discern between TNBC patient and healthy
individual-derived tissue samples with an AUC of 0.9148, a
specificity of 78.18%, and a sensitivity of 100% (optimal cut-off =
0.503) (Fig. S3).
The prognostic value was also evaluated in silico in 97 TNBC

patients from the TCGA cohort. Poorer OS was found to be
associated with lower miRNA-449a expression (HR= 0.39, 95%
confidence Interval (CI)= 0.15–1.04 p= 0.0500), although it did
not reach statistical significance. In addition, poorer OS was
significantly associated with miRNA-449b-5p (HR= 0.16
CI= 0.05–0.56 p= 0.0011) and miRNA-449c-5p (HR= 0.33
CI= 0.11–0.95 p= 0.0300) (Fig. 1D).

The miRNA-449 family expression is regulated by a negative
feedback loop with HDAC1 and SIRT1
Based on pre-existing literature on the regulation of miRNAs-449
expression by different epigenetic mechanisms [26–28], we
assessed the involvement of histone acetylation modulation in
TNBC. We evaluated the basal expression of two histone
deacetylases, HDAC1 and SIRT1, in MDA-MB-231, MDA-MB-436,
and MCF10A. The results showed a significant upregulation of
HDAC1 and SIRT1 in TNBC cell lines compared to the MFC10A cell
line at mRNA (up to 3-fold increase) (Fig. 2A, B) and protein level
(Fig. 2C).
Given the histone deacetylase activity of HDAC1 and SIRT1, a

possible implication of these two proteins in miRNAs-449
modulation was evaluated. HDAC1 knockdown significantly
induced miRNAs-449 overexpression in MDA-MB-231 and MDA-
MB-436 cell lines (up to 31-fold increase compared to scramble)
(Fig. 2D). Similarly, SIRT1 knockdown also triggered the same
effect in both TNBC cell lines (up to 10-fold increase compared to
scramble control) (Fig. 2E). Pharmacological treatment with the
histone deacetylase type I and II inhibitor (TSA) and SIRT1 inhibitor
(NAM) was also performed. Both TSA and NAM treatment induced

an increase of acetyl-H3 expression compared to control in both
TNBC cell lines (Fig. 2F, G). Furthermore, TSA treatment
significantly enhanced miRNAs-449 expression in both MDA-MB-
231 and MDA-MB-436 cell lines (up to a 7-fold increase compared
to non-treated control) (Fig. 2H). This upregulation was also
observed after NAM treatment (up to a 7-fold increase compared
to non-treated control) (Fig. 2I). Altogether, these results
reinforced the hypothesis that miRNAs-449 expression is regulated
by histone acetylation.
To assess if a feedback loop is regulating the expression of

miRNAs-449 in BC, the expression of HDAC1 and SIRT1 was
evaluated after miRNAs-449 overexpression. The results showed
significant downregulation of HDAC1 and SIRT1 at the mRNA (up
to 0.9-fold decrease compared to scramble) and protein levels
upon miRNA-449a, miRNA-449b-5p, and miRNA-449c-5p co-
overexpression or overexpression separately (Fig. 3A-F). In
summary, our results support the existence of a miRNAs-449/
SIRT1-HDAC1 negative feedback loop.

The miRNA-449 family modulates fatty acid metabolism
through ACSL4 direct targeting
Hierarchical clustering of miRNAs-449 and cancer pathways using
miRPath software predicted a significant interaction between
these miRNAs and central carbon metabolism (p < 0.0001), fatty
acid biosynthesis (p < 0.0001), and fatty acid metabolism
(p < 0.0001) (Fig. S4), thus suggesting a fatty acid metabolism
modulation by miRNA-449 family. MiRNAs-449 were predicted to
target different genes involved in fatty acid biosynthesis by using
TarBase v7.0: Fatty Acid Synthase (FASN), ACSL4, and Acetyl-CoA
carboxylase alpha (ACACA). Based on previous literature, ACSL4 is
the only predicted target presenting a key role in TNBC having an
inverse correlation with the expression of PR, ER, and HER2
[29–31]. These findings motivated further research focused on
ACSL4.
Thus, basal expression of ACSL4 was analyzed in our cohort of

primary biopsies from TNBC and healthy breast tissue samples,
which showed a significantly higher expression in TNBC patient’s
tissues than in healthy tissues (p < 0.0001) (Fig. 4A). These results
suggest an inverse correlation with miRNAs-449 expression in
TNBC.
To evaluate ACSL4 as a potential target of miRNAs-449 in BC, the

luciferase reporter gene assay was carried out. MiRNAs-449a and
miRNA-449b-5p significantly decreased the luciferase activity
when co-transfected with the 3′UTR-ACSL4 containing plasmid
(28% and 27% decrease for miRNA-449a and miRNA-449b-5p,
respectively, compared to scramble control) but no effect was
detected upon co-transfection with a control plasmid. This
indicated that ACSL4 3′UTR is a direct target of miRNA-449a and
miRNA-449b-5p but is not a direct target of miRNA-449c-5p (Fig.
4B). Additionally, ACSL4 expression was evaluated upon transfec-
tion with miRNAs-449 mimics, confirming that miRNAs-449
overexpression significantly downregulated ACSL4 at mRNA (up
to 0.8-fold decrease compared to scramble control) and protein
levels (Fig. 4C, D). Furthermore, the effect of each miRNA family
member was separately assessed and showed significant down-
regulation of ACSL4 after overexpression of each miRNA (up to
0.98-fold decrease compared to scramble control) at mRNA and
protein levels (Fig. 4E, F). These results suggest that ACSL4 is
directly regulated by miRNA-449a and miRNA-449b-5p, and
indirectly by miRNA-449c-5p.

ACSL4 as a potential prognostic biomarker for chemotherapy
response
Further experiments were performed to analyze the biological
role of miRNAs-449 in doxorubicin resistance through ACSL4
modulation. First, basal expression of miRNAs-449 and ACSL4
was analyzed in doxorubicin-resistant (MDA-MB-231R) and
doxorubicin-sensitive (MDA-MB-231) cell lines. The results
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showed a significantly lower expression of miRNAs-449 (up to
0.94-fold decrease) (Fig. 5A) and a higher expression of ACSL4 in
doxorubicin-resistant cells, at mRNA (10-fold increase,
p < 0.0001) and protein levels (Fig. 5B, C) when compared to
the parental cell line.
To assess the clinical relevance of ACSL4, we analyzed its

expression in naïve-tissue samples from a discovery cohort of
TNBC patients posteriorly treated with chemotherapy. ACSL4 was
found significantly overexpressed in tumor samples from
patients who experienced relapse (n= 20) when compared to
non-relapse (n= 12) (p= 0.0003) (Fig. 5D). Next, the potential of

ACSL4 as a prognosis biomarker was assessed. ACSL4 helped to
discriminate between these two patient cohorts with an AUC of
0.8667, a sensitivity of 75%, and a specificity of 91.67% (optimal
cut-off=−3.128) (Fig. 5E). The prognostic value of ACSL4 was
also predicted in a cohort of 53 TNBC patients in silico.
Kaplan–Meier curves showed a lower DFS in TNBC patients with
high expression of ACSL4 compared to those with low ACSL4
expression (HR= 3.31, CI= 0.93–11.73, p= 0.0500) (Fig. 5F),
although it did not reach statistical significance. These results
might indicate an involvement of ACSL4 in chemotherapy
response.

Fig. 1 MiRNA-449 family downregulation is associated with worst OS and is a diagnostic biomarker for TNBC. A MiRNA-449 family
(miRNA-449a, miRNA-449b-5p, and miRNA-449c-5p) expression was analyzed by RT-qPCR in TNBC cell lines (MDA-MB- 231 and MDA-MB-436),
and the non-tumor immortalized line (MCF10A) (mean ± SD) (n= 3). B. MiRNA-449 family expression was analyzed by RT-qPCR in a discovery
cohort of TN (n= 55) sample patients and healthy tissues (n= 19) samples (mean ± SD). C ROC curve analyses were performed for miRNAs-449
in TNBC tissue samples (n= 55) and healthy tissue samples (n= 19). D Representation of OS Kaplan Meier curves in TNBC samples (n= 97)
from TCGA group based on an optimal cut-off of miRNAs-449 for low (black) and high (red) expression (p= 0.0500 for miRNA-449a, p= 0.0011
for miRNA-449b-5p, and p= 0.0300 for miRNA-449c-5p). *p < 0.05; **p < 0.01, ****p < 0.0001.

S. Torres-Ruiz et al.

3

Cell Death Discovery          (2024) 10:372 



MiRNAs-449 overexpression sensitizes to doxorubicin through
ACSL4/ABCG2 axis downregulation
In a previous study, we demonstrated that doxorubicin treatment
induced overexpression of miRNAs-449 in doxorubicin-sensitive
but not in doxorubicin-resistant TNBC cells [32]. These results were
also confirmed in this study in MDA-MB-231 and MDA-MB-436
TNBC cell lines (up to 35-fold increase compared to control) (Fig.
S5). Concordantly, ACSL4 expression after doxorubicin treatment
was found to be downregulated in doxorubicin-sensitive MDA-
MB-231 (0.44-fold decrease compared to control, p= 0.0263) and
MDA-MB-436 (0.37-fold decrease compared to control,
p= 0.0015), but not in doxorubicin-resistant MDA-MB-231R cells
(Fig. 6A, B).

To further explore the function of miRNAs-449 in the modula-
tion of chemotherapy response, sensitivity to doxorubicin was
evaluated after miRNAs-449 overexpression or ACSL4 knockdown.
MiRNAs-449 overexpression significantly decreased IC50 value (Fig.
6C). In line with this, IC50 values significantly decreased after ACSL4
knockdown with two different siRNAs (Fig. 6D, E). These results
suggest that the miRNA-449 family increases sensitivity to
doxorubicin through ASCL4 downregulation.
Lastly, to elucidate the mechanism of action of miRNAs-449/

ACSL4 axis modulation in doxorubicin response, the involvement
of drug efflux was investigated. First, the expression of the drug
transporter ABCG2 with affinity for doxorubicin was further
explored and was found to be upregulated in doxorubicin-

Fig. 2 HDAC1 and SIRT1 are overexpressed in TNBC and inhibit miRNAs-449 expression by histone deacetylation. HDAC1 (A) and SIRT1
(B) expression were analyzed by RT-qPCR (mean ± SD) (n= 3)and Western blot (C) in TNBC cell lines (MDA-MB-231 and MDA-MB-436) and the
non-tumor immortalized line MCF10A. MiRNA-449 family (miRNA-449a, miRNA-449b-5p, and miRNA-449c-5p) expression was analyzed by RT-
qPCR in TNBC cell lines (MDA-MB- 231 and MDA-MB-436) after siHDAC1 (D) or siSIRT1 (E) transfection (mean ± SD) (n= 3). Acetyl-H3 (Ac-H3)
and H3 expression was analyzed by Western blot in TNBC cell lines after TSA (F) (10 nM, 24 h) or NAM (G) (300 µM, 24 h) treatment. MiRNA-449
family expression was analyzed by RT-qPCR in TNBC cell lines after TSA (H) (10 nM, 24 h) or NAM (I) (300 µM, 24 h) treatment (mean ± SD)
(n= 3). *p < 0.0500, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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resistant compared to the parental cell line, both at mRNA (2.46-
fold increase, p= 0.0183) and protein levels (Fig. 7A, B). Then, we
evaluated the implication of miRNAs-449/ACSL4 axis in ABCG2
expression modulation. Luciferase reporter assay confirmed that
there is no direct interaction between miRNAs-449 and ABCG2 3′
UTR (Fig. S6). The indirect modulation was assessed in TNBC cell
lines, which showed a downregulation of ABCG2 expression after
miRNAs-449 overexpression or ACSL4 knockdown (Fig. 7C),
suggesting a negative and positive regulation of ABCG2 by
miRNAs-449 and ACSL4, respectively. Subsequently, functional
studies demonstrated that both miRNAs-449 overexpression and
ACSL4 knockdown significantly increased doxorubicin accumula-
tion in MDA-MB-231 (25% increase compared to scrambled
control), MDA-MB-436 (41% increase compared to scramble),
and MDA-MB-231R cells (38% increase compared to scrambled
control) (Fig. 7D, E). Overall, our findings suggest that over-
expression of the miRNA-449 family decreases ABCG2 expression
through ACSL4 downregulation, increasing the intracellular
doxorubicin accumulation as a consequence.

DISCUSSION
Deciphering the molecular bases of TNBC is crucial for the design
of new therapeutic approaches that will help to improve the
efficacy of conventional chemotherapies such as doxorubicin.
Gene expression studies pointed out the dysregulation of miRNAs

in cancer and their functions as tumor suppressors or tumor
promoters [33–37]. Specifically, this study focuses on the
dysregulation of the miRNA-449 family and its role in the
modulation of doxorubicin response.
We identified the miRNAs-449 to be downregulated in TNBC cell

lines and patients. In addition, each member of the miRNA-449
family was able to discriminate between TNBC and healthy tissue
samples, and the combination signature of miRNAs-449 was a
stronger potential diagnostic biomarker with higher sensitivity
and specificity. In line with these findings, previous studies
pointed out the miRNAs-449 downregulation in several cancer
types [21, 24–26], including TNBC [38–40]. Nevertheless, to our
knowledge, no previous work evaluated the expression of miRNA-
449c-5p, being our study the first one to analyze it. Lower miRNAs-
449 expression was also associated with a worse prognosis,
suggesting a tumor suppressor role. In the same trend, low
miRNA-449a expression has been previously correlated with worse
prognosis, advanced stages, and lymph node metastasis in non-
small cell lung cancer, colorectal cancer, and BC, among others
[24, 41, 42].
The miRNA-449 family downregulation might be partially

explained by the epigenetic alteration of its promoter region.
Concretely, our results showed an overexpression of the histone
deacetylases HDAC1 and SIRT1. Hence, this explains lower
miRNAs-449 expression levels in TNBC. HDAC1 and SIRT1 promote
histone deacetylation by forming repressor complexes with

Fig. 3 MiRNAs-449 overexpression downregulate HDAC1 and SIRT1 expression. MiRNAs-449 mimics transfection was performed in MDA-
MB-231 and MDA-MB-436 cell lines. HDAC1 (A) and SIRT1 (B) expression was analyzed by RT-qPCR (mean ± SD) (n= 3) and Western blot (C).
MiRNA-449a, miRNA-449b-5p, and miRNA-449c-5p mimics were transfected separately in MDA-MB-231 and MDA-MB-436 cell lines. HDAC1 (D)
and SIRT1 (E) expression was analyzed by RT-qPCR (mean ± SD) (n= 3) and western blot (F). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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transcription factors such as E2F1 [43, 44], which is a well-known
miRNA-449 family activator [20]. It has been previously described
the miRNA-449a upregulation upon HDAC1 and SIRT1 knockdown
in colorectal cancer, and upon HDAC1 knockdown in hepatocel-
lular carcinoma [26, 27]. In this regard, HDAC chemical inhibition is
also suggested to induce the overexpression of miRNA-449a,
miRNA-449b-5p, and miRNA-449c-5p in hepatocellular carcinoma
[28, 45], as well as the overexpression of miRNA-449a in BC and
skeletal muscle cells [22, 45, 46]. In accordance with this, our
results showed that genetic and pharmacological inhibition of
HDAC1 and SIRT1 increased miRNAs-449 expression in TNBC cell
lines. Moreover, HDAC1 and SIRT1 are directly regulated by
miRNA-449a and miRNA-449b-5p [25, 47]. This SIRT1 down-
regulation after miRNAs-449 overexpression was also elucidated
in our previous study [32]. Additionally, our results pointed out an
indirect downregulation of HDAC1 and SIRT1 by miRNA-449c-5p,
altogether providing evidence of a negative regulatory feedback
loop between the miRNAs-449 and HDAC1/SIRT1.
Considering the downregulation of miRNAs-449 in TNBC,

artificial overexpression of this miRNA family can be proposed
as a possible approach to revert the tumoral phenotype. However,
its mechanism of action is still controversial. To elucidate the
involvement of miRNAs-449 in the modulation of cancer path-
ways, bioinformatic analyses were performed and fatty acid

metabolism was predicted to be regulated by this family of
miRNAs. This is consistent with the fact that cancer cells have an
altered lipid metabolism to support tumorigenesis and cancer
progression [48]. Several studies showed that increased lipogen-
esis in cancer is due to the increased activity of enzymes involved
in fatty acid activation, which is a prerequisite for the use of fatty
acids in lipid metabolic pathways [49]. In line with this,
bioinformatic analyses predicted fatty acid metabolism interaction
through FASN, ACACA, and ACSL4 genes. FASN and ACACA are
known to be positively correlated with HER2-overexpressing
tumors [50–52], while ACSL4 is highly expressed in ER, PR, HER2,
and androgen receptor-negative tumors [29–31]. Based on this
evidence, the current study focused on the relationship between
miRNAs-449 and ACSL4 in TNBC.
ACSL4 is an enzyme that catalyzes the activation of long-chain

fatty acids by esterification with coenzyme A, with arachidonic
acid (AA) and eicosapentaenoic acid as substrate preferences [53].
Previous studies confirmed its association with aggressiveness in
BC [31, 54–56]. Our results proved that miRNA-449a and miRNA-
449b-5p directly inhibit ACSL4 expression, an interaction that has
not been previously studied, as far as we know. Despite the lack of
direct interaction between miRNA-449c-5p and ACSL4 3′UTR, we
confirmed that overexpression of the miRNA inhibits ACSL4
expression in TNBC cells, which can be attributable to indirect

Fig. 4 MiRNAs-449 downregulate ACSL4 expression by direct (miRNA-449a/b-5p) and indirect (miRNA-449c-5p) targeting. A ACSL4
expression was analyzed by RT-qPCR in a discovery cohort of TNBC (n= 33) sample patients and healthy tissue samples (n= 19) (mean ± SD).
B Luciferase reporter assay was performed in HEK-293T cell line co-transfected with pEZX-MT06 (3’UTR ACSL4 containing or empty vector) and
miRNA-449a, miRNA-449b-5p or miRNA-449c-5p mimics separately (mean ± SD) (n= 4). ACSL4 expression was analyzed by RT-qPCR
(mean ± SD) (n= 3) (C) and western blot (D) after miRNAs-449 mimics transfection in MDA-MB-231 and MDA-MB-436 cell lines. ACSL4
expression was analyzed by RT-qPCR (mean ± SD) (n= 3) (E) and Western blot (F) after miRNAs-449 mimics transfection separately in MDA-MB-
231 and MDA-MB-436 cell lines. **p < 0.01, ***p < 0.001, ****p < 0.0001. C plasmid: Control plasmid.
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mechanisms. Our results agree with other studies that revealed
different binding specificities between miRNA-449a, miRNA-449b-
5p, and miRNA-449c-5p [28].
Several studies suggest that miRNAs-449 act as tumor

suppressors in different cancer types [20, 57, 58], including BC
[38, 59], but its involvement in treatment resistance in the context
of BC remains unknown. Furthermore, all previous studies focus
only on miRNA-449a, whose overexpression is known to sensitize
to ionizing radiation in prostate and lung cancer, to cisplatin in
ovarian cancer, and tamoxifen and olaparib in BC [60–64]. In our
previous study, we observed that E2F1 significantly upregulates
miRNAs-449, which initiates a negative feedback loop that inhibits
E2F1 activity by targeting CDK6 and CDC25A through Rb
phosphorylation in TNBC doxorubicin-sensitive cells. This feedback
mechanism ensures controlled E2F1-induced proliferation. How-
ever, miRNAS-449 were not upregulated after doxorubicin
treatment in doxorubicin-resistant cells, thus promoting cell cycle
progression. In this context, miRNAs-449 overexpression sensitized
to doxorubicin [32]. Herein, we focused on exploring the role of
miRNAs-449 in the modulation of doxorubicin response through
ACSL4 targeting. Regarding ACSL4, its knockdown has been
associated with cisplatin, paclitaxel, and doxorubicin sensitivity in
TNBC, and docetaxel sensitivity in prostate cancer [65–67]. In the
same trend, ACSL4 overexpression increased etoposide and
tamoxifen resistance in the MCF7 cell line and lapatinib resistance
in the SKBR3 cell line [31].
In this study, we observed that doxorubicin treatment increased

the expression of the miRNA-449 family and decreased ACSL4
expression in the doxorubicin-sensitive cell line, but not in the
doxorubicin-resistant cell line. The miRNAs-449 modulation in the
doxorubicin-resistant model was also elucidated in our previous work

[32], being the ACSL4 modulation the novelty of the current research.
In addition, miRNAs-449 were found to be downregulated in
doxorubicin-resistant cells, whereas ACSL4 was found to be over-
expressed in both doxorubicin-resistant cells and in tumor samples
from patients who relapsed after receiving chemotherapy, which was
also associated with a worse DFS in TNBC patients. Moreover, the
expression of ACSL4 was able to discriminate between patients who
either relapsed or not after chemotherapy, thus suggesting its role as
a biomarker with potential prognostic value. However, the prognostic
role of ACSL4 in previous literature is debatable. On one hand, there
are some studies supporting our outcomes, as higher ACSL4
expression has been related to lower OS, DFS, and advanced stages
of hepatocellular carcinoma. Furthermore, higher proliferation rates,
migration capacity, and colony formation have been observed upon
ACSL4 overexpression in hepatocellular carcinoma and BC [65, 68].
Contrarily, other studies correlate higher ACSL4 expression with
better OS, RFS, and DFS, in lung adenocarcinoma, renal cell
carcinoma, and colorectal cancer, among others [69–72], which
could be associated with a tissue-specific role of ACSL4. Based on our
results, this study suggests an oncogenic role for ACSL4 in TNBC.
Both miRNAs-449 overexpression and ACSL4 knockdown

decreased doxorubicin IC50 value. These results suggest that
overexpression of miRNAs-449 sensitizes TNBC cells to doxorubi-
cin through ACSL4 downregulation. The role of ACSL4 and its
connection to fatty acid metabolism has been extensively studied,
although its role in chemotherapy resistance is not as evident.
Therefore, we aimed to elucidate this mechanism of action. In this
context, ACSL4 overexpression is suggested to positively regulate
the expression of drug extrusion pumps such as the ABC
subfamily C members 8 (ABCC8) and 4 (ABCC4), and ABCG2,
being ABCG2 modulation greater implicated in doxorubicin

Fig. 5 ACSL4 is overexpressed in MDA-MB-231R and patients who relapse after doxorubicin-containing chemotherapy treatment.
A MiRNA-449 family (miRNA-449a, miRNA-449b-5p, and miRNA-449c-5p) expression was analyzed by RT-qPCR in MDA-MB-231 and MDA-MB-
231R cell lines (mean ± SD) (n= 3). ACSL4 expression was analyzed by RT-qPCR (mean ± SD) (n= 3) (B) and Western blot (C) in MDA-MB-231
and MDA-MB-231R cell lines. D ACSL4 expression was analyzed by RT-qPCR in a discovery cohort of non-relapse (n= 12) and relapse (n= 20)
TNBC patient tissue samples after chemotherapy treatment (mean ± SD). E ROC curve analysis was performed for ACSL4 in TNBC patient tissue
samples who relapse (n= 20) or not (n= 12) after chemotherapy-containing treatment. F Representation of DFS Kaplan Meier curves in TNBC
samples (n= 53) based on an optimal cut-off of ACSL4 for low (black) and high (red) expression (p= 0.0500). **p < 0.0100, ***p < 0.0010,
****p < 0.0001.

S. Torres-Ruiz et al.

7

Cell Death Discovery          (2024) 10:372 



resistance. Particularly, ACSL4 overexpression increased ABCG2
expression through mTORC pathway modulation in BC [67]. Due
to the high impact of this drug extrusion pump in BC, we focused
on its study. ABCG2 is one of the most well-known molecules
involved in drug resistance since it mediates the efflux of several
drugs including doxorubicin [73, 74], and is overexpressed in
different pathophysiological mechanisms such as cancer progres-
sion and drug resistance [75]. Our results pointed out for the first
time a drug extrusion pump modulation by miRNAs-449.
Concretely, we observed that miRNAs-449 overexpression nega-
tively modulated ABCG2 expression through ACSL4 downregula-
tion, thus increasing doxorubicin accumulation and sensitivity.

CONCLUSIONS
In summary, our findings confirmed that the miRNA-449 family is
downregulated in TNBC and might be useful as diagnostic
biomarkers that are associated with poor prognosis. Our results
evidence the regulation of miRNAs-449 expression through
HDAC1 and SIRT1 histone deacetylases. Besides, in silico analysis
revealed the significant involvement of miRNAs-449 in fatty acid
metabolism by targeting ACSL4, which is a potential prognostic
biomarker. We confirmed that miRNAs-449 inhibit ACSL4 expres-
sion, particularly through direct interactions involving miRNA-449a
and miRNA-449b-5p. Moreover, miRNAs-449 were found to
enhance doxorubicin sensitivity by downregulating ACSL4/ABCG2,
leading to increased intracellular drug accumulation. Altogether,
these findings suggest that miRNAs alone or in combination with
ACSL4 inhibitors are a potential therapeutic strategy to overcome
doxorubicin resistance.

MATERIALS AND METHODS
Cell lines and reagents
TNBC (MDA-MB-231 and MDA-MB-436), non-tumorigenic cell line
(MCF10A), and human embryonic kidney 293T (HEK-293T) cell lines were
used in this study. All cell lines were obtained from American Type Culture

Collection (ATCC, Manassas, VA, USA) and grown in DMEM/
F12 supplemented with 10% (v/v) of heat-inactivated fetal bovine serum
(FBS, Gibco, Carlsbad, USA), 1% (v/v) penicillin-streptomycin (Biowest,
Nuaillé, France) and 1% (v/v) L-glutamine 200mM (Biowest) in a humidified
atmosphere at 37 °C and 5% CO2. Federico Rojo group from the Fundación
Jiménez Díaz (Madrid) kindly provided the TNBC cell line with acquired
resistance to doxorubicin (MDA-MB-231R). Briefly, the MDA-MB-231R cell
line was generated by exposing the MDA-MB-231 parental cell line to
increased concentrations of doxorubicin (Pfizer, New York, NY, USA).
Doxorubicin resistance maintenance was verified periodically by WST-1 cell
viability assay by comparing doxorubicin IC50 value from MDA-MB-231R
and MDA-MB-231 (Fig. S1). The cell lines used in this study were cultured at
cell passages of less than 30 in order to maintain the viability and genetic
stability of the cells, and routinely test for mycoplasma by using
MycoStripTM 50 kit (#rep-mysnc-50, InvivoGen, Toulouse, France).
Cell lines were treated with 10 nM of trichostatin A (TSA, #T8551, Sigma-

Aldrich, St. Louis, MO, USA) for 24 h or 300 µM of nicotinamide (NAM,
#N0636, Sigma-Aldrich) for 24 h before real-time quantitative PCR (RT-
qPCR) and Western blot analyses for epigenetic studies. DMSO at 0.2% and
distilled water at 0.12% were used as negative controls, respectively.
Cells were treated with doxorubicin at 1 µM for 48 h for RT-qPCR and

Western blot, 5 µM for 3 h for quantification of intracellular doxorubicin
uptake, or a range of different doses (100, 50, 10, 5, 2.5, 1, 0.5, 0.25, 0.1,
0.01, 0.001 µM) for 48 h for further IC50 value analyses.

Cell transfection
Cell lines were transfected with 100 nM of small interfering RNA (siRNA)
targeting Acyl-CoA Synthetase Long-Chain Family Member 4 (ACSL4)
(siACSL4#1: #122222 and siACSL4#2: #122223, Ambion, Austin, TX, USA),
Sirtuin 1 (SIRT1) (#136457, Ambion), Histone deacetylase 1 (HDAC1)
(#120419, Ambion), or 50 nM of miRNAs-449 mimics (hsa-miRNA-449a
(#MC11127), hsa-miRNA-449b-5p (#MC11521), and hsa-miRNA-449c-5p
(#MC15616), Ambion). Scrambled sequences of miRNA (#4464059,
Ambion) and siRNA (#4390844, Ambion) molecules were used as negative
transfection controls.
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) was used for

transfection following the manufacturer’s instructions, and the medium
was refreshed with a supplemented medium after 4 h. Transfection
efficiency was verified after 48 h and 72 h by RT-qPCR and Western blot,
respectively (Fig. S2).

Fig. 6 MiRNAs-449 overexpression sensitizes to doxorubicin through ACSL4 downregulation. ACSL4 expression was analyzed by RT-qPCR
(mean ± SD) (n= 3) (A) and Western blot (B) in MDA-MB-231, MDA-MB-436, and MDA-MB-231R cell lines after doxorubicin treatment (1 µM,
48 h). Cell cytotoxicity was analyzed by WST-1 to determine the IC50 value (mean ± SD) (n= 3). MDA-MB-231, MDA-MB-436, and MDA-MB-231R
cell lines were transfected with miRNAs-449 mimics (C), siACSL4#1 (D), or siACSL4#2 (E), and different doses of doxorubicin. *p < 0.0500,
**p < 0.01, ***p < 0.001, ****p < 0.0001. DOX; doxorubicin.
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Fig. 7 MiRNAs-449 overexpression and ACSL4 knockdown inhibit ABCG2 expression and increase the intracellular accumulation of
doxorubicin. ABCG2 expression was analyzed by RT-qPCR (mean ± SD) (n= 3) (A) and Western blot (B) in MDA-MB-231 and MDA-MB-231R cell
lines. C ABCG2 expression was analyzed by western blot in MDA-MB-231, MDA-MB-436, and MDA-MB-231R cell lines after miRNAs-449 mimics,
siACSL4#1, or siACSL4#2 transfection. Representative images (D) (×40 magnification) and quantification of mean fluorescence intensity (E) of
doxorubicin intracellular accumulation after miRNAs-449 mimics, siACSL4#1, or siACSL4#2 transfection, and doxorubicin treatment (5 µM, 3 h)
(mean ± SEM). Scale bar: 50 µm. *p < 0.05, ****p < 0.0001.
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Luciferase reporter assay
The putative miRNAs-449 binding sites at the 3′UTR ACSL4 mRNA
(NM_004458.2) or 3′UTR ABCG2 mRNA (NM_004827.2) were cloned into
the pEZX-MT06 plasmid (Genecopeia, Guangzhou, China). pEZX-MT06
empty vector was used as a negative control plasmid. HEK-293T cells were
seeded in a 24-well plate at 105 cells/well and co-transfected with 5 ng/µl
of 3′UTR containing plasmid or control plasmid pEZX-MT06, and 100 nM of
miRNA-449a (#MC11127, Ambion), miRNA-449b-5p (#MC11521, Ambion),
miRNA-449c-5p (#MC15616, Ambion) mimic or miRNA-negative transfec-
tion control (#4464059, Ambion) using lipofectamine 2000 reagent
(Invitrogen) and following manufacturer’s instruction. Twenty-four hours
post-transfection, luciferase activity was measured using Luc-PairTM Duo-
Luciferase Assay Kit 2.0 (#217LF002, Genecopeia, Guangzhou, China)
according to manufacturer’s recommendations, and luminescence was
detected in the microplate reader LUMIstar Omega (BMG Labtech,
Ortenberg, Germany).

RT-qPCR
Total RNA, including miRNA, was extracted using TRIZOL reagent (Invitro-
gen) as described by the manufacturer. First, 1 µg of RNA was either
retrotranscribed using a High-Capacity cDNA Reverse Transcription Kit
(#4368813, Applied Biosystems, Waltham, MA, USA) for mRNA, or TaqmanTM

MicroRNA Reverse Transcription Kit (#4366597, Applied Biosystems) for
miRNAs following manufacturer’s protocol. RNU43 (#001608) and miRNAs-
449 specific primers (miRNA-449a: #001030, miRNA-449b-5p: #001608, and
miRNA-449c-5p: #001608) obtained from Applied Biosystems were used to
generate cDNA from miRNA. RNA was then retro-transcribed to cDNA at
either 25 °C for 10min and 37 °C for 2 h for mRNA, or 16 °C for 30min, 42 °C
for 30min, and 85 °C for 5min for miRNA. The resulting cDNA was amplified
using TaqMan® Universal Master Mix (#M3004E, Applied Biosystems) and
TaqMan 20× assays (Applied Biosystems) (miRNA-449a: #001030, miRNA-
449b-5p: #001608, miRNA-449c-5p: 2410086_mat, HDAC1: #Hs02621185_s1,
SIRT1: #Hs01009006_m1, ACSL4: #Hs00244871_m1) following manufacturer’s
instructions on 9700HT Fast Real-Time PCR system (Applied Biosystems). PCR
conditions were as follows: 50 °C for 2min, 95 °C for 10min, 40 cycles of
95 °C for 15 s, and 60 °C for 1min. Data was analyzed following the
comparative critical threshold (2−ΔΔCT) method using GAPDH
(#Hs03929097_g1) or RNU43(#001095) as endogenous controls for mRNA
and miRNA expression, respectively.

Western blot
Cells were collected and lysed on ice using Pierce® RIPA buffer (#89900,
Thermo Fisher Scientific) supplemented with a protease and phosphatase
inhibitor cocktail (#A32961, Thermo Fisher Scientific) according to the
manufacturer’s instructions. Cell lysates were then sonicated by the Sonics
Vibra Cell VC 505 (Sonics&Materials, Newtown, MA, USA) (40% pulse and
10 s) and centrifuged (15min, 13,200 rpm, 4 °C). Proteins were collected
and quantified using the PierceTM BCA Protein Assay Kit (#23227, Thermo
Fisher Scientific) following the manufacturer’s protocol. Protein samples
(30 µg) were loaded in 6-12% sodium dodecyl sulfate (SDS)-polyacrylamide
gels and transferred to nitrocellulose membranes (#1620115, BIO-RAD,
Hercules, CA, USA). Membranes were blocked for 1 h with 5% of bovine
serum albumin in 0.1% TBS-Tween20 and incubated with antibodies
against SIRT1 (1:1000, #MA5-15677, Invitrogen), HDAC1 (1:1000, #PA1-860,
Invitrogen), acetyl-H3 (1:1000, #ab47915, Abcam, Cambridge, UK), total H3
(1:1000, #9715S, Cell Signaling, Danvers, MA, USA), ACSL4 (1:1000, #PA5-
27137, Invitrogen) or ABCG2 (1:1000, #4477S, Cell Signaling) at 4 °C
overnight. GAPDH (1:2000, #MA5-15738, Thermo Scientific) was used as a
loading control. The following day, membranes were washed with 0.1%
TBS-Tween20 and incubated for 1 h with an anti-mouse (1:2000, #7076S,
Cell Signaling) or anti-rabbit (1:2000, #7074S, Cell Signaling) IgG horse-
radish peroxidase-linked secondary antibody. After incubation, membranes
were washed and signals were developed using PierceTM ECL Western
blotting reagent (#32106, Thermo Fisher Scientific) or ultra-sensitive ECL
Super Signal West Femto (#34095, Thermo Fisher Scientific), according to
the manufacturer’s instructions, in the ImageQuant Las 4000 system (GE-
Healthcare Bioscience, Chicago, IL, USA). Chemiluminescent images were
analyzed by employing ImageJ-win64 for Windows.

Cell viability assay
Twenty-four hours after transfection, cells were seeded at 104 cells/well in
a 96-well plate. The next day, cells were exposed to different concentra-
tions of doxorubicin (from 0.001 to 100 µM) for 48 h. Viability was then

measured with Colorimetric Cell Viability Kit II (WST-1) (#K304-2500,
Deltaclon, Madrid, Spain), as described by the manufacturer. Absorbance
was then measured at 450 nm and 650 nm (background) in the microplate
reader Spectra Max Plus (Thermo Fisher Scientific).

Quantification of intracellular doxorubicin uptake
Intracellular doxorubicin uptake was analyzed by confocal microscopy.
Forty-eight hours post-transfection, 5 × 104 cells/well were seeded in an
8-well chamber (#30108, SPL Life Sciences, Gyeonggi-do, South Korea).
After 24 h, cells were exposed to 5 µM doxorubicin for 3 h. Then, cells were
fixed with 4% paraformaldehyde (VWR BDH Chemicals, Matsonford, PA,
USA) for 10min, counterstained with 4′,6-diamidino-2-phenylindole (DAPI)
(1:500 in PBS, Merck, Darmstadt, Germany) for 5 min, and mounted with
glycerol (1:1 in PBS, Sigma-Aldrich). Fifteen pictures per well were acquired
at the Central Medicine Research Unit (UCIM-UV) using a Leica DMi8
inverted fluorescence microscope (Wetzlar, Germany) with a PE4000 LED
light source and DFC9000GT camera at 40x magnification. Doxorubicin and
DAPI fluorescence were excited at 550 nm and 365 nm, and the emission
was 590 nm and 435–485 nm, respectively. Mean doxorubicin fluorescence
intensity per cell was analyzed with ImageJ (v1.53t, NIH, Bethesda, USA) for
windows in a minimum of 150 cells for each condition, and results were
normalized to scramble control condition. The analysis settings were the
same for all pictures.

In silico analyses
Kaplan–Meier plotter software (https://kmplot.com/analysis/) was used to
evaluate the prognostic value of hsa-miRNA-449a, hsa-miRNA-449b-5p,
hsa-miRNA-449c-5p, and ACSL4. For miRNAs analysis, overall survival (OS)
was analyzed in TNBC patients from the TCGA dataset (n= 97) with auto-
selected best cut-off. For ACSL4 analysis, disease-free survival (DFS) was
analyzed in TNBC patients (n= 53) with auto-selected best cut-off. The
auto-selected best cut-off is described as previously [76]. The Hazard ratio
(HR), log-rank p-value, and corresponding curves were calculated and
plotted by the software.
DIANA TOOLS- mirPath v.3 (http://microrna.gr/miRPathv3) biological

database was used to study cancer pathways affected by the miRNA-449
family while predicting possible targets. TarBase v7.0 was selected for
miRNAs-449 target gene analyses, and pathways union was selected for
regulated KEGG pathways analysis. Pathways union derives a fused p-value
for each pathway by combining the previously calculated significance
levels between each miRNA and each pathway, using Fisher’s Exact Test
statistical analysis method.

Patient samples
Formalin-fixed and paraffin-embedded samples (FFPE) tissues were
obtained from primary biopsies at the Biomedical Research Institute
INCLIVA (Valencia, Spain) and were subsequently treated following
standard guidelines. All samples were analyzed by an expert pathologist
to ensure tumor infiltration > 30%, and hormone receptors and
HER2 status were evaluated by immunohistochemistry (IHC) and/or
fluorescence in situ hybridization (FISH) in the latter case. MiRNAs-449
and ACSL4 expression were analyzed by RT-qPCR in a discovery cohort of
TNBC (n= 55 for miRNAs-449 and n= 33 for ACSL4) versus healthy tissues
(n= 19) before treatment. Clinicopathological characteristics are described
in Table S1 and S2, respectively. ACSL4 expression was also analyzed in
primary biopsies of non-relapsed (n= 12) and relapsed (n= 20) patients
after receiving anthracyclines (neo)adjuvant-containing chemotherapy
treatment. Clinical data acquisition was carried out in a period between
21 and 105 months. Clinicopathological characteristics are described in
Table S3. Briefly, total RNA was isolated from FFPE tissue using the
RecoverAll Total Nucleic Acid Kit (Ambion). Expression of housekeeping
GAPDH mRNA or miR-16 miRNA was used as an endogenous control. The
study was approved on the 25th of June of 2015 by the Research Ethics
Committee of the Hospital Clínico (ethical approval number 2014/178) and
all patients signed the written informed consent.

Statistical analyses
All statistical analyses were performed in GraphPad Prism version
8.0.1 software (La Jolla, USA). IC50 values were calculated using a variable
slope (four parameters) curve. Mean comparisons were performed using
the two-tailed Student’s T-test for normal distribution, otherwise the
Mann–Whitney U-test was used. Receiver-operating characteristic (ROC)
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curves were performed by plotting sensitivity (true positive) versus 100-
specificity (false positive), and the area under the curve (AUC) was
calculated. The sensitivity and specificity were also calculated based on the
highest value using Youden’s J index. Principal Component analysis (PCA)
was used to summarize the miRNAs signature into a single score vector.
This linear combination of all miRNAs is a weighted average, where each
miRNA is weighted by its importance within the first principal component.
A value of p < 0.05 was defined as statistically significant. Assays were
performed in technical and biological triplicate.

DATA AVAILABILITY
The datasets analyzed during the current study are available in the Kaplan–Meier
plotter (https://kmplot.com/analysis/) and DIANA TOOLS- mirPath v.3 (http://
www.microrna.gr/miRPathv3) repositories. The other data generated or analyzed
during this study are included in this published article and its supplementary
information files.
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