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ABSTRACT
Chemoresistance remains a significant hurdle in breast cancer treatment. To address this, we explored the therapeutic potential 
of combining epirubicin, an anthracycline commonly associated with the development of resistance in cancer cells and with 
known cytotoxic effects, with 4-methylumbelliferone, a plant-derived coumarin. Our results demonstrated a coactive enhance-
ment of epirubicin efficacy when this combination was applied to 3D breast cancer models, irrespective of molecular subtype. 
Mechanistically, 4-methylumbelliferone inhibits synthesis of hyaluronan, a key component of the tumor microenvironment 
that promotes tumor growth and metastasis. By disrupting hyaluronan production, this compound facilitated drug penetration 
into tumor spheroids and reduced the expression of drug efflux pumps, thereby increasing intracellular drug accumulation. 
Consequently, the combined treatment led to a significant reduction in cell viability and promotion of cell death. Our findings 
suggest that targeting hyaluronan metabolism in conjunction with conventional chemotherapy offers a promising strategy to 
overcome drug resistance in breast cancer. This drug repositioning approach not only improves treatment efficacy but also 
highlights the potential of targeting the tumor microenvironment to enhance cancer therapy. Further studies are warranted to 
elucidate the underlying mechanisms and to evaluate the clinical translation of this combination therapy.

1   |   Introduction

Advances in cancer genomics have revealed diverse mecha-
nisms underlying tumor progression. Despite these insights, 
translating preclinical findings into effective therapies remains 
a significant challenge, often hindered by the emergence of drug 

resistance. In recent decades there has been a growing interest in 
the role of the extracellular matrix (ECM) in modulating drug re-
sistance within cancer [1, 2]. The tumor stroma is characterized 
by an altered ECM, with variations in composition, structure, 
and abundance that evolve throughout tumor progression and 
across different tumor types. Notably, many tumors exhibit an 
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enrichment of glycosaminoglycan (GAG) hyaluronan (HA). HA 
is a linear polysaccharide synthesized by hyaluronan synthases 
(HAS) from N-acetyl-d-glucosamine (GlcNAc) and d-glucuronic 
acid (GlcUA) units, requiring UDP conjugation for recognition by 
HASs. Conversely, hyaluronidases (HYAL) are endoglycosidases 
responsible for HA degradation. Dysregulation of these enzymes 
has been implicated in various pathologies, including cancer [3, 4].

A promising avenue for addressing the challenges of drug resis-
tance is drug repositioning, which involves repurposing exist-
ing, well-characterized medications for new disease indications. 
This strategy offers a significant advantage by reducing the time 
and costs typically associated with developing novel oncologi-
cal treatments. Moreover, drug repositioning can uncover novel 
mechanisms of action and facilitate the creation of more effec-
tive therapeutic combinations, expanding the range of treatment 
options available for cancer patients [5–7].

Anthracyclines, such as epirubicin (EPI), are widely used chemo-
therapy drugs for breast cancer treatment [8]. Despite advances 
in targeted therapies, EPI remains a valuable option, especially 
for triple-negative breast cancer (TNBC), due to its effectiveness 
and affordability. TNBC, characterized by its aggressive nature 
and resistance to hormonal therapy, often poses significant 
treatment challenges. While luminal breast cancer typically re-
sponds to hormonal therapy, EPI may be used in cases of resis-
tance [9]. The development of resistance to EPI associated with 
mechanisms involved in its metabolization and elimination 
from tumor cells have been reported [10–12]. Glucuronidation, 
catalyzed by UDP-glucuronosyltransferase 7 (UGT2B7), is the 
primary inactivation pathway for EPI. This enzyme conjugates 
EPI to glucuronic acid (GlcUA), which requires UDP conjuga-
tion for recognition. Interestingly, UDP-GlcUA serves a dual 
function: it acts as both a glucuronidation substrate and a pre-
cursor for the synthesis of HA and other ECM proteoglycans. 
UDP-glucose dehydrogenase (UGDH), the enzyme responsible 
for UDP-GlcUA formation [13], acts as a metabolic checkpoint, 
influencing both glycosylation pathways and ECM synthesis, 
while also impacting drug inactivation by glucuronidation.

4-methylumbelliferone (4-MU), a coumarin derivative approved 
for liver conditions in Europe and Asia, has been shown to inhibit 
HA production. 4-MU acts as a competitive substrate for UDP, 
reducing the cell availability of GlcUA, a precursor for both HA 
synthesis and EPI glucuronidation [14]. Additionally, 4-MU down-
regulates the expression of enzymes involved in HA synthesis 
and UDP-GlcUA production [15]. This dual action on HA synthe-
sis and EPI metabolism suggests that combining 4-MU with EPI 
could potentially enhance the efficacy of EPI treatment while po-
tentially mitigating its toxicity. While 4-MU has been studied in 
various cancers [16], the lack of scientific evidence supporting its 
approval for this purpose poses a significant challenge. However, 
the potential benefits of combining 4-MU with EPI in breast cancer 
treatment warrant further exploration. Given the effects of 4-MU 
on EPI glucuronidation and HA synthesis, we hypothesized that 
combining 4-MU with EPI could enhance the antitumor activity 
of EPI while modifying the pro-tumorigenic effects of an altered 
ECM. By reducing EPI glucuronidation, 4-MU could potentially 
increase EPI's intracellular concentration and activity, leading to 
enhanced tumor cell death. Simultaneously, by inhibiting HA and 
other GAG synthesis, 4-MU could potentially disrupt the tumor 

microenvironment and reduce tumor progression. To investigate 
this hypothesis, we conducted studies combining EPI and 4-MU 
treatments in two breast cancer models.

2   |   Results

2.1   |   Effect of EPI and 4-MU Treatment on 
the Cellular Integrity of Tumor Spheroids

To assess the effects of EPI and 4-MU on cell integrity and sur-
vival, the viability of MDA-MB-231 and MCF-7 spheroids was 
determined after 3 days of each treatment using an MTS assay 
(Figure 1A). First, when comparing the OD values of both un-
treated spheroid types (BC), we observed a higher basal viability 
in MCF-7 compared to MDA-MB-231 spheroids. This may be re-
lated to the organization of the spheroids and the expression of 
adhesion markers, which are necessary for spheroid compaction 
and formation, and are related with its viability.

As expected, MDA-MB-231 spheroids treated with 2.5 μM EPI 
(EPI) showed approximately a 10% reduction in viability com-
pared to untreated spheroids (BC) (p < 0.05). Notably, treatment 
with 0.5 mM 4-MU alone did not significantly alter cell viability 
compared to BC. Interestingly, EPI + 4-MU treatment reduced 
cell viability by 20% compared to BC (p < 0.01), demonstrat-
ing a higher effect than that produced by 4-MU alone (p < 0.05) 
(Figure 1A). Similar evaluations were performed on MCF-7 spher-
oids (Figure 1D), where the combination of 1.5 μM EPI and 0.5 mM 
4-MU induced a 50% reduction in cell viability compared to BC 
(p < 0.0001). Furthermore, the effect of EPI + 4-MU treatment 
was more effective in reducing cell viability compared with EPI 
alone (p < 0.001). This result further shows that the presence of 
4-MU during EPI treatment enhances the drug response in this 
tumor model as well. Unexpectedly, 4-MU treatment decreased 
cell viability in relation to control spheroids (approximately 30%) 
(p < 0.001) (Figure 1D), prompting us to conduct additional assays 
to rule out potential toxic effects of 4-MU in MCF-7 spheroids.

To further investigate the effects of EPI + 4-MU treatment on 
cytotoxicity, we evaluated LDH activity in spheroid superna-
tants. Notably, we did not observe significant differences in 
LDH activity between treated and not treated MDA-MB-231 
(Figure 1B) or MCF-7 spheroids (Figure 1E). This finding sug-
gests that EPI + 4-MU treatment might influence tumor cell via-
bility without inducing the release of intracellular contents into 
the extracellular environment, potentially contributing to in-
flammatory or cytotoxic conditions. Moreover, this result allows 
us to rule out any toxic effects at the cellular and extracellular 
levels caused by 4-MU in MCF-7 spheroids. Considering these 
results and the antiproliferative functions of EPI as a DNA inter-
calator, a cytostatic effect mediated by the EPI + 4-MU combina-
tion could be proposed.

To assess early apoptosis induction, we determined the percent-
age of annexin-V+ cells following EPI + 4-MU treatment by flow 
cytometry. Due to the intrinsic characteristics of the 3D spheroid 
model, baseline apoptosis levels in MDA-MB-231 (Figure  1C) 
and MCF-7 (Figure 1F) spheroids were relatively high, finding 
two well-distinguished cell populations according to the dis-
tinctive organizational and 3D properties of tumor spheroids 
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(Figure 1G,H). High apoptosis rates could limit the ability to dis-
tinguish possible differences between the proposed treatments. 
Thus, when analyzing the overall percentage of apoptotic cells, 
we did not observe significant differences in early apoptosis in-
duction between treated and untreated spheroids derived from 
either of the two cell lines.

2.2   |   Effect of 4-MU on EPI Accumulation in 
BC Cells

Subsequently, we evaluated the impact of adding 4-MU to che-
motherapeutic treatment with EPI. In general, we found that 
4-MU significantly potentiated the intracellular accumulation 

FIGURE 1    |    Effect of treatment with EPI in the presence of 4-MU on the integrity of tumor cells. MDA-MB-231 or MCF-7 cells (8 × 103) were 
cultured under three-dimensional conditions using the hanging drop assay to allow the formation of tumor spheroids. On day 5, the spheroids were 
treated with 0.5 mM 4-MU plus 1.5 μM EPI (MCF-7) or 0.5 mM 4-MU plus 2.5 μM EPI (MDA-MB-231) for 3 days. On day 8, different spheroids per 
condition were collected and cell viability was determined by MTS (A, N = 6 and D, N = 7) and early apoptosis by flow cytometry (C, F, G, H, N = 3). To 
determine cytotoxicity, supernatants from different spheroids were collected and LDH activity was determined (B and E, N = 3). Histograms (G and 
H) show the most representative data from three independent experiments performed with at least 50,000 events/condition. Mean ± SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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of EPI in both tumor models. Notably, we observed a significant 
increase of approximately 50% in the amount of EPI+ MDA-
MB-231 cells in the presence of 4-MU (EPI + 4-MU) compared 
to cells treated only with EPI (EPI) (p < 0.05) (Figure  2A). In 
line with the percentage of EPI+ cells, the intracellular ac-
cumulation of EPI per cell (MFI) significantly increased in 
MDA-MB-231 spheroids treated with EPI + 4-MU compared to 
spheroids treated with EPI alone (p < 0.05) (Figure 2B). In other 
words, these tumor cells accumulated a greater amount of EPI in 
the presence of 4-MU, as indicated by MFI.

The same analysis was conducted using cells derived from 
MCF-7 spheroids treated with EPI or EPI + 4-MU. In this case, 
we also observed an increase of about 13% in the number of 
EPI+ cells when spheroids were treated with EPI + 4-MU com-
pared to cells from spheroids treated only with EPI (p < 0.05) 
(Figure 2C). However, when we analyzed the intracellular ac-
cumulation of EPI per cell (MFI), no differences were observed 
(Figure 2D). When evaluating cell populations characteristics, 
we also observed differences related to the tumor cell type. In 
cells derived from MDA-MB-231 spheroids, we observed a ho-
mogeneous population with respect to EPI accumulation, which 
changed its MFI during treatment with EPI + 4-MU (Figure 2E). 
Conversely, in cells derived from MCF-7 spheroids, we observed 
two well-differentiated populations in terms of EPI accumula-
tion capacity: one negative and the other positive (Figure 2F).

Given that the total percentage of apoptotic cells did not reflect 
differences in cell death induction between treatments, and 
considering the 3D characteristics of the spheroids, we char-
acterized different cell populations taking into account both 
apoptosis induction and EPI accumulation. Annexin-V was em-
ployed as a marker of early apoptosis, and cell populations were 
analyzed considering intracellular EPI accumulation as well. 
We observed a higher percentage of EPI+ and apoptotic cells 
(annexin-V+ cells) in the presence of 4-MU in both tumor spher-
oid models (Figure 2G). This indicates a population of apoptotic 
cells that had incorporated the drug into spheroids treated with 
the EPI + 4-MU combination compared to EPI alone. This ob-
servation prompted a deeper investigation into the potential dif-
ferential impact of 4-MU on apoptosis in tumor cells that had 
incorporated EPI, reflecting their sensitivity to the antitumor 
treatment.

Consequently, we focused on the tumor cell population ex-
hibiting both apoptosis and EPI (EPI+/apoptosis+ population). 
Considering the 3D organization of spheroids, cells meeting 
these characteristics could be classified as sensitive to EPI. These 
cells could correspond to those that incorporated the drug and 
underwent cell death. Therefore, we compared the MFI for both 
markers as a measure of the amount of drug accumulated and 
the induction of apoptosis under proposed treatments. In cells 
derived from MDA-MB-231 spheroids, we detected elevated cell 
death and increased intracellular EPI accumulation per cell in 
the EPI + 4-MU group compared to the EPI-only group deter-
mined by the MFI values (p < 0.05) (Figure 2H). On the other 
hand, evaluating the EPI+/apoptosis+ population derived from 
MCF-7 spheroids revealed no significant differences in apopto-
sis induction as measured by annexin-V MFI (Figure 2I). These 
results corroborate the notion that 4-MU enhances both EPI 
accumulation within spheroids and the apoptosis rate of tumor 

cells that exhibited higher intracellular EPI accumulation. 
This suggests that tumor cells not only effectively incorporate 
and retain EPI but also become more sensitive to its apoptosis-
inducing effects, as manifested by the increase in cell death. 
This phenomenon was particularly pronounced in the MDA-
MB-231 model, again highlighting the differences between the 
two tumor models.

Given that the total percentage of early apoptotic cells measured 
by Annexin V staining did not reveal significant differences 
in cell death induction between treatments, and considering 
caspase-3 cleavage and activation as a late marker of apopto-
sis, we evaluated cytoplasmic levels of cleaved caspase-3 (CC3) 
by intracellular flow cytometry in MDA-MB-231 spheroids 
(Figure S1). Two distinct cell populations—CC3-positive (CC3+) 
and CC3-negative (CC3−)—were observed, consistent with the 
intrinsic heterogeneity of the spheroid model. However, no sig-
nificant differences were found in the percentage of CC3+ cells 
or in MFI across treatments. Notably, MCF-7 spheroids were not 
analyzed due to their lack of caspase-3 expression.

2.3   |   Effect of EPI and 4-MU Treatment on 
the Expression of Drug Resistance Markers

A crucial aspect of studying drug efficacy is the evaluation of 
resistance and progression markers, which reflect tumor cell 
responsiveness to chemotherapy. In this context, we examined 
the expression of three ATP-dependent membrane efflux pumps 
implicated in EPI elimination and associated with drug resis-
tance. We analyzed ABCG2, ABCC1, and ABCC2 expression in 
MDA-MB-231 and MCF-7 spheroids treated with EPI + 4-MU, 
where we found results consistent with the previously observed 
enhanced EPI sensitivity.

First, we observed a significant downregulation of ABCG2 
(p < 0.001) (Figure  3A) and ABCC2 (p < 0.05) (Figure  3C) in 
MDA-MB-231 spheroids exposed to EPI + 4-MU compared to 
BC. Moreover, ABCG2 expression was notably reduced when 
comparing EPI + 4-MU to EPI alone treatments (p < 0.01) 
(Figure 3A). Similar results were found when determining the 
expression of both drug efflux pumps in MCF-7 spheroids, where 
EPI + 4-MU treatment diminished ABCG2 and ABCC2 mRNA 
levels compared to basal conditions (p < 0.001) (Figure  3D,F). 
On the other hand, ABCC1 expression did not exhibit significant 
modulation in its synthesis (Figure 3B,E). These findings, com-
bined with elevated EPI accumulation and enhanced apoptosis 
within the drug-treated population, indicate an increased sen-
sitivity to EPI therapy in the presence of 4-MU. This effect can 
be attributed to both functions of 4-MU: as an inhibitor of HA 
synthesis, thereby altering the tumor ECM, and as a competitor 
for GlcUA, which enhances the efficacy of EPI.

2.4   |   Effect of 4-MU and EPI Treatment on 
Spheroids Size

Another focus of this study was to assess potential alterations 
in the size and compactness of spheroids exposed to EPI and 
4-MU. To this end, first we captured micrographs of multi-
ple spheroids from each treatment group at the experimental 
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FIGURE 2    |     Legend on next page.
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endpoint (day 8) and computed the volume and perimeter for 
each condition. Spheroids generated from MDA-MB-231 cells 
exhibited a significant reduction in volume after 3 days of treat-
ment with EPI, 4-MU, or EPI + 4-MU compared to untreated 
controls (p < 0.001). However, no significant differences in vol-
ume were observed among the treatment groups (Figure 4A,E). 
Similarly, all treatments led to a decrease in spheroid perimeter 
relative to controls (p < 0.001). Interestingly, spheroids treated 
with EPI + 4-MU displayed a smaller perimeter than those ex-
posed to 4-MU (p < 0.05) (Figure 4B,E). A similar analysis was 
conducted on MCF-7 spheroids, revealing a consistent reduction 

in both spheroid volume and perimeter (Figure 4C–F) following 
all treatments compared to untreated controls. However, no sig-
nificant differences in size were observed among the treatment 
groups.

Considering these findings and the therapeutic objective of 
tumor mass reduction, individually selected spheroids from 
each experimental condition were identified to determine 
their areas prior to treatment (day 5) and posttreatment (day 8). 
This enabled us to examine the temporal dynamics of poten-
tial size alterations, treating each spheroid as a unique entity 

FIGURE 2    |    Effect of 4-MU on EPI treatment and antitumoral response. MDA-MB-231 or MCF-7 cells (8 × 103) were cultured under three-
dimensional conditions using the hanging drop assay to allow the formation of tumor spheroids. On day 5, the spheroids were treated with 0.5 mM 
4-MU plus 1.5 μM EPI (MCF-7) or 0.5 mM 4-MU plus 2.5 μM EPI (MDA-MB-231) for 3 days. On day 8, different spheroids per condition were collected 
and EPI intracellular accumulation and early apoptosis were determined by flow cytometry. Intracellular EPI accumulation was measured using the 
FL2 detector. Early apoptosis was determined using annexin-V-FITC. Bars show the percentage of EPI+ cells (A, C, N = 7) or the mean fluorescence 
intensity (MFI) (B, D, N = 4) determined by comparison with a negative control. MFI of apoptosis (top) and epirubicin (EPI) (bottom) in the EPI+/
apoptosis+ cell population determined by FACS analysis of MDA-MB-231 (H) and MCF-7 (I) spheroids (N = 3). Histograms (E, F) and dotplots (G) 
show the most representative experiment performed with at least 50,000 events/condition. Mean ± SEM. *p < 0.05.

FIGURE 3    |    Effect of 4-MU and EPI treatment on the expression of drug resistance markers. MDA-MB-231 or MCF-7 cells (8 × 103) were cultured 
under three-dimensional conditions using the hanging drop assay to allow the formation of tumor spheroids. On day 5, the spheroids were treated 
with 0.5 mM 4-MU plus 1.5 μM EPI (MCF-7) or 0.5 mM 4-MU plus 2.5 μM EPI (MDA-MB-231) for 3 days. On day 8, different spheroids per condition 
were collected. To evaluate the expression of ABCG2 (A, D), ABCC1 (B, E), and ABCC2 (C, F), total RNA was extracted, and 2 μg were reverse tran-
scribed by RT-PCR. cDNAs were subjected to real time quantitative PCR using SYBR Green. Results were normalized using B2M as reference gene 
and all determinations were performed as duplicates. N = 3, expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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(Figure  4G–J). Evaluation of MDA-MB-231 spheroid area 
at day 5 (pretreatment) and day 8 (posttreatment) revealed 
an expected increase in size for the untreated control group 
(p < 0.05), mimicking in  vivo tumor growth (Figure  4G,H). 
Spheroids treated with EPI, 4-MU, or the combination showed 
no significant size differences compared to BC. Nevertheless, 
when an exhaustive analysis of two variables (time and 
treatments) was performed, the only treatment condition 
that reduced spheroid size compared to BC was EPI + 4-MU 
(p < 0.001) (Figure 4G,H).

The same methodological approach was applied to MCF-7 
spheroids, which demonstrated distinct behavior compared to 
MDA-MB-231. Firstly, no differences were observed in the size 
of the untreated spheroids between day 5 and day 8 of culture 
(Figure  4I,J). This finding might correlate with a diminished 
rate of tumor growth and progression in this model when com-
pared to MDA-MB-231. Furthermore, a reduction in MCF-7 
spheroids size was observed when comparing day 5 to day 8 of 
culture within each treatment, including EPI (4-MU, p < 0.01; 
EPI, p < 0.001; EPI + 4-MU, p < 0.001). This demonstrates an 

FIGURE 4    |    Effect of 4-MU and EPI treatment on spheroid size and compaction. MDA-MB-231 or MCF-7 cells (8 × 103) were cultured under three-
dimensional conditions using the hanging drop assay to allow the formation of tumor spheroids. On day 5, the spheroids were treated with 0.5 mM 
4-MU plus 1.5 μM EPI (MCF-7) or 0.5 mM 4-MU plus 2.5 μM EPI (MDA-MB-231) for 3 days. On day 8, different spheroids per condition were collected 
and several micrographs were taken to calculate spheroid volume (A, C) and perimeter (B, D). For the calculation of spheroid size, on day 5 (pretreat-
ment) and day 8 (posttreatment), different micrographs of each spheroid were taken and analyzed with ImageJ software (E, F, H, J). Expressed as 
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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intrinsic sensitivity to EPI, which we had not observed in the 
MDA-MB-231 model. Moreover, the reduction in tumor size ob-
served with the EPI + 4-MU treatment is also attributable to the 
effect of EPI itself (Figure 4I,J). These results, for both cell lines, 
indicate that treatment with EPI in the presence of 4-MU not 
only increases the accumulation of the chemotherapeutic drug 
but also enhances cell death by apoptosis and reduces spheroid 
size compared to untreated spheroids. Moreover, results suggest 
that the reduction in spheroid size could be also related to a po-
tential cytostatic effect of EPI+ 4-MU treatment, that affects the 
proliferative capacity of the cells. Finally, a comparison between 
the responses of both breast cancer models is possible, as MCF-7 
spheroids exhibited greater sensitivity to EPI as a chemothera-
peutic agent.

2.5   |   Effect of 4-MU and EPI Treatment on HA 
Synthesis and Accumulation in ECM

We further aimed to investigate the modulation of HA bio-
synthesis by EPI and 4-MU treatment and its accumulation 
within the ECM of tumor spheroids. To this end, we initiated 
our analysis by assessing HA levels using flow cytometry. 
Initially, we quantified HA pericellular production in MDA-
MB-231 cells derived from spheroids by flow cytometry. First, 
we observed results similar to those previously reported re-
garding a high expression and accumulation of HA in MDA-
MB-231 cells (Figure 5A–C). When evaluating HA production 
per cell, as measured by MFI, the only treatment significantly 
decreasing HA production was 4-MU (Figure  5A). These 
findings confirm that 4-MU reduces HA synthesis in this 
3D model. Upon analyzing the percentage of HA+ cells, we 
found that a substantial proportion of cells originated from 
spheroids exhibited HA within their ECM together with only 
a small percentage of HA− cells (Figure  5C). This could be 
due to the high number of HA+ cells, which may have made 
it difficult to obtain noticeable differences between the pro-
posed treatments.

Given the 3D architecture of spheroids, we characterized dif-
ferent cell populations within MDA-MB-231 spheroids based 
on EPI accumulation and HA synthesis, as both processes 
are significantly influenced by 4-MU treatment (Figure  S5). 
In spheroids treated with EPI + 4-MU a significant reduction 
in the EPI-/HA+ population (light blue) was observed in the 
presence of 4-MU compared to untreated conditions (p < 0.01) 
(Figure S5). This could indicate that the number of cells ex-
pressing HA in their ECM, but not containing EPI inside, was 
reduced. On the other hand, the EPI+/HA+ population (or-
ange) increased compared to EPI treatment alone (p < 0.05). 
These findings suggest that the effect of 4-MU on HA synthe-
sis was more pronounced in the absence of EPI. These results 
are consistent with the fact that, in cells that incorporated 
EPI, the effect of 4-MU on GlcUA arrest could be divided be-
tween the two processes mediated by it: the inactivation of 
EPI and the synthesis of HA and other GAGs not analyzed in 
the present work.

We continued investigating the amount of HA present in 
spheroids from the different treatments, observing a sig-
nificant decrease in HA fluorescence intensity after 4-MU 

treatment compared to BC (p < 0.05) (Figure  5E,F), as pre-
viously shown by flow cytometry (Figure 5A). Furthermore, 
this effect of 4-MU on HA synthesis was also observed when 
spheroids were treated in combination with EPI (EPI + 4-MU) 
(p < 0.05) (Figure 5D,E). Importantly, we ruled out that the ob-
served reduction in HA synthesis was not affected by a reduc-
tion in spheroid size since correlation analyzes demonstrated 
that there is no association between the amount of HA in each 
spheroid and its area (Figure 5G), or perimeter (Figure 5H). 
On the other hand, by analyzing DAPI fluorescence intensity 
in untreated spheroids, we observed the maintenance of the 
characteristic three-dimensional organization. Specifically, 
we observed a more proliferative area located at the periph-
ery, related to a high fluorescence intensity, and a center with 
lower intensity, which could be associated with a necrotic 
or apoptotic region (Figure  5D). When quantifying this pa-
rameter and comparing it among the different experimental 
groups, both EPI treatment and the combined treatment with 
EPI + 4-MU achieved a marked decrease in DAPI fluores-
cence intensity compared to untreated spheroids (p < 0.0001) 
(Figure 5F). Furthermore, correlation analyzes between DAPI 
fluorescence intensity and spheroid area (Figure 5I) and pe-
rimeter (Figure 5J) revealed a significant positive association. 
This indicates that a decrease in DAPI fluorescence intensity 
is associated with a decrease in spheroid size. Therefore, eval-
uating DAPI intensity as an individual parameter also sup-
ported the previously observed reduction in spheroid size and 
increased cell death by apoptosis.

We employed the same methodological approach using MCF-7 
spheroids (Figure 6). First, we evaluated HA synthesis per cell, 
determined by mean fluorescence intensity (MFI) (Figure 6A), 
and the percentage of HA+ cells in this tumor model 
(Figure 6B,C). In general, cells derived from MCF-7 spheroids 
exhibited lower HA synthesis and a lower percentage of HA+ 
cells compared to MDA-MB-231 cells. However, no significant 
differences were observed in either parameter when comparing 
treated MCF-7 spheroids to controls. We then conducted a par-
allel analysis of HA pericellular accumulation and EPI accumu-
lation, where no statistically significant differences were also 
observed (Figure S2).

Subsequently, we performed fluorescence microscopy to de-
termine HA synthesis and accumulation, along with DAPI 
as a nuclear marker (Figure  6D). As expected, we observed 
a marked decrease in HA production in spheroids treated 
with 4-MU compared to BC (p < 0.01). Furthermore, during 
EPI + 4-MU treatment, 4-MU significantly diminishes HA 
synthesis (p < 0.05). This result was also supported by a 
decrease in HA fluorescence intensity between the EPI 
alone treatment and the combined EPI + 4-MU treatment 
(p < 0.0001) (Figure  6E). We again ruled out that the lower 
fluorescence intensity was due to a reduction in spheroid 
size by correlating it with the area (Figure  6G) and perime-
ter (Figure 6H) of the analyzed spheroids. These results were 
consistent with those observed in MDA-MB-231 spheroids. 
On the other hand, quantifying the fluorescence intensity for 
DAPI yielded unexpected results, with increased fluorescence 
intensity in spheroids treated with 4-MU (p < 0.0001) and 
EPI + 4-MU (p < 0.01) compared to BC (Figure 6F). However, 
we believe these results do not affect the findings for HA since 
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there was no correlation between changes in spheroid size and 
DAPI fluorescence intensity (Figure 6I,J).

2.6   |   Effect of 4-MU and EPI Treatment on 
the Expression of HA-Related Genes

Given the critical involvement of HA accumulation in the 
tumor microenvironment, we aimed to investigate the po-
tential modulatory effects of 4-MU on expression profiles 
of key enzymes implicated in HA metabolism. Initially, a 

substantial reduction in HAS-2 expression was observed 
across all treatment groups (EPI, 4-MU and EPI + 4-MU) com-
pared to control spheroids within the MDA-MB-231 cell line 
(p < 0.001, p < 0.01, p < 0.0001 respectively) (Figure 7A). While 
also a decrease in HAS-2 expression was evident in MCF-7 
spheroids, statistical analysis did not reveal significant dif-
ferences (Figure 7G). Furthermore, UGDH expression, a crit-
ical enzyme in UDP-GlcUA biosynthesis, exhibited a nearly 
50% decrease in MDA-MB-231 spheroids treated with the 
EPI + 4-MU compared to the untreated spheroids (p < 0.05) 
(Figure  7B). A similar reduction in UGDH expression was 

FIGURE 5    |    Effect of 4-MU and EPI treatment on HA synthesis and accumulation in MDA-MB-231 spheroids. MDA-MB-231 cells (8 × 103) were 
cultured under three-dimensional conditions using the hanging drop assay to allow the formation of tumor spheroids. On day 5, the spheroids were 
treated with 0.5 mM 4-MU plus 2.5 μM EPI for 3 days. After the spheroids were treated (day 8), different spheroids per condition were collected 
and HA synthesis and pericelular accumulation were determined by flow cytometry (A–C). HA production and accumulation (D red, E) in tumor 
spheroids were determined by fluorescent microscopy. Nuclei of MDA-MB-231 cells were detected with DAPI (D blue, F). HA production and DAPI 
staining were compared to spheroids size by correlation analyzes (G–J). Histograms, dotplots and images show the most representative data. Scale 
bar: 200 μm. Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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observed in MCF-7 spheroids under both individual (EPI or 
4-MU) and the EPI + 4-MU combined treatments in relation 
to non-treated spheroids (p < 0.01) (Figure  7H). Collectively, 
these findings indicate that the effect of 4-MU on the expres-
sion of enzymes mediating HA synthesis is preserved in the 
presence of EPI treatment. Furthermore, the marked decrease 
in UGDH expression, supports the hypothesis that 4-MU en-
hances the efficacy of EPI by interfering with the production 
of UDP-GlcUA, a key substrate involved in the inactivation of 
this cytotoxic drug.

Another critical aspect of tumor ECM dynamics is HA turn-
over, defined as a delicate equilibrium between its synthesis and 
degradation. Consequently, we studied the expression of two 
pivotal hyaluronidases, HYAL-1 and HYAL-2. MDA-MB-231 
spheroids exhibited no significant alterations in either HA-
specific glycosidase (Figure 7C,D). In contrast, MCF-7 spheroids 
displayed a distinct response. A significant decrease in HYAL-1 
expression was evident across all treatment groups compared to 
controls (p < 0.001) (Figure 7I), although no differential effects 
among treatments were detected. HYAL-2 expression remained 

FIGURE 6    |    Effect of 4-MU and EPI treatment on HA synthesis and accumulation in MCF-7 spheroids. MCF-7 cells (8 × 103) were cultured under 
three-dimensional conditions using the hanging drop assay to allow the formation of tumor spheroids. On day 5, the spheroids were treated with 
0.5 mM 4-MU plus 1.5 μM EPI for 3 days. After the spheroids were treated (day 8), different spheroids per condition were collected and HA synthe-
sis and pericelular accumulation were determined by flow cytometry (A–C). HA production and accumulation (D red, E) in tumor spheroids were 
determined by fluorescent microscopy. Nuclei of MDA-MB-231 cells were detected with DAPI (D blue, F). HA production and DAPI staining were 
compared to spheroids size by correlation analyzes (G–J). Histograms, dotplots and images show the most representative data. Scale bar: 200 μm. 
Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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unaffected (Figure 7J). These divergent outcomes between the 
two tumor models may be attributed to the inherent aggressive-
ness of MDA-MB-231 cells compared to MCF-7.

Finally, a reduction in CD44 levels was observed in MDA-
MB-231 spheroids under all treatment conditions compared to 
controls (EPI p < 0.05, 4-MU p < 0.001, EPI + 4-MU p < 0.05) 
(Figure 7E), achieving the greatest reduction under 4-MU treat-
ment. Furthermore, this could be related to the modulation of 
CD44, and HA-mediated pathways involved in cell survival 
and proliferation, processes that may be affected by EPI + 4-MU 
treatment. This effect was even more pronounced in MCF-7 
spheroids (Figure  7K). Particularly, a decrease in CD44 levels 
was observed under all treatment conditions when compared 
to controls (EPI p < 0.01, 4-MU p < 0.05, EPI + 4-MU p < 0.01) 
(Figure 7F,L). While 4-MU treatment had a negative effect on 
CD44 expression, treatment with EPI and the combination of 
both also sustained this decrease. RHAMM expression re-
mained relatively stable across treatments in both cell lines. 

These findings, combined with the observed reduction in HA 
synthesis, suggest that 4-MU enhances EPI efficacy not only 
by increasing drug accumulation but also by modulating the 
expression of surface receptors that sense specific changes in 
tumor ECM inhibiting pro-tumor signaling.

2.7   |   Effect of 4-MU and EPI Treatment on CD44 
Expression

Based on the results obtained from the modulation of CD44 
mRNA expression, and considering the relevance of CD44 
as a key receptor for HA signaling and a recognized tumor 
marker, we next analyzed its protein expression in MDA-
MB-231 and MCF-7 spheroids by fluorescence microscopy 
(Figure  8). Since previous analyzes of HA synthesis and ac-
cumulation in both spheroid models had ruled out any associ-
ation between DAPI fluorescence intensity and spheroid size, 
we quantified CD44 expression relative to DAPI fluorescence 

FIGURE 7    |    Effect of treatment with EPI in the presence of 4-MU on the expression of HA-related genes. MDA-MB-231 or MCF-7 cells (8 × 103) 
were cultured under three-dimensional conditions using the hanging drop assay to allow the formation of tumor spheroids. On day 5, the spheroids 
were treated with 0.5 mM 4-MU plus 1.5 μM EPI (MCF-7) or 0.5 mM 4-MU plus 2.5 μM EPI (MDA-MB-231) for 3 days. On day 8, different spheroids 
per condition were collected. To evaluate the expression of HA-related genes, total RNA was extracted, and 2 μg were reverse transcribed by RT-PCR. 
cDNAs were subjected to real time quantitative PCR using SYBR Green. Results were normalized using B2M as reference gene and all determina-
tions were performed as duplicates. N = 3, expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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to normalize for cell number. Specifically, in MDA-MB-231 
spheroids (Figure 8A,B), EPI did not modify CD44 expression 
compared to BC. This resulted in contrast with the significant 
downregulation observed at the mRNA level (Figure  7E). 
Nevertheless, both 4-MU alone and the combined treatment 
with EPI + 4-MU significantly decreased CD44 protein levels 
compared to BC (p < 0.0001). Notably, the reduction in CD44 
levels observed in EPI + 4-MU treatment appeared to be in-
dependent of EPI, as it differed significantly from EPI alone 
(p < 0.0001) but not from 4-MU.

Similarly, CD44 protein expression was assessed in MCF-7 
spheroids (Figure  8C,D). In this model, EPI treatment sig-
nificantly reduced CD44 levels compared to the basal con-
dition (BC) (p < 0.05), in line with the transcriptional data 
(Figure  7K). Furthermore, 4-MU and its combination with 
EPI revealed results comparable to those observed in the 
MDA-MB-231 spheroids. Specifically, 4-MU markedly de-
creased CD44 expression relative to BC (p < 0.0001), and 
this reduction was maintained during EPI + 4-MU treat-
ment (p < 0.0001). Taken together, these results highlight the 

FIGURE 8    |    Effect of 4-MU and EPI treatment on CD44 expression in MDA-MB-231 and MCF-7 spheroids. MDA-MB-231 and MCF-7 cells 
(8 × 103) were cultured under three-dimensional conditions using the hanging drop assay to allow the formation of tumor spheroids. On day 5, the 
spheroids were treated with 0.5 mM 4-MU plus 1.5 μM EPI (MCF-7) or 0.5 mM 4-MU plus 2.5 μM EPI (MDA-MB-231) for 3 days. On day 8, different 
spheroids per condition were collected and CD44 expression was determined by fluorescent microscopy (green, A, C). Nuclei of MDA-MB-231 or 
MCF-7 cells were detected with DAPI (blue, A, C). Bars (B, D) represent the comparison of CD44 expression levels in individual spheroids normalized 
to DAPI staining. Scale bar: 100 μm. Micrographs show the most representative data. Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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critical role of 4-MU in modulating CD44 expression, partic-
ularly when used in combination with EPI, which alone did 
not achieve such effects—especially in the more aggressive 
MDA-MB-231 model. Moreover, the consistency between 
mRNA and protein expression patterns reinforces the validity 
of CD44 downregulation as a relevant therapeutic readout in 
response to treatment.

2.8   |   Global Impact of 4-MU Treatment on Gene 
Expression Associated With EPI Response and HA

We aimed to collectively evaluate the gene expression changes 
associated with EPI + 4-MU treatment and establish potential 
relationships between these expression changes and the func-
tions of each intermediate. By analyzing the pattern of gene ex-
pression in MDA-MB-231 (Figure 9A) and MCF-7 (Figure 9B) 
spheroids, we observed a difference in the response between the 
two tumor types. In particular, the ABCC1 pump showed a pat-
tern of increased expression in both tumor models, compared 
to ABCG2 and ABCC2, which showed a decrease in their ex-
pression. The upregulation of RHAMM found in MDA-MB-231 
spheroids suggests a possible link to their increased aggressive-
ness. We continued performing correlation analyzes among all 
evaluated genes.

First, an analysis of MDA-MB-231 spheroids under different 
treatments was performed (Figure 9C), where we observed that 
ABCG2 negatively correlated with RHAMM (p < 0.05). In turn, 
the UGDH enzyme showed a strong and positive relationship 
with ABCC2 (p < 0.05). Furthermore, the changes in HAS-2 
expression were shown to be strongly and positively correlated 
with UGDH and CD44 (p < 0.05). However, HAS-2 negatively 
correlated with RHAMM (p < 0.05). This result was expected 
since RHAMM showed a differential expression pattern in this 
cell line compared to MCF-7. Finally, as expected, a strong and 
positive association was observed between HYAL-1 and HYAL 
2 (p < 0.05). By evaluating the potential interactions between the 
mediators that resulted in significant correlation in the STRING 
database, we were able to corroborate that they are functionally 
and regulatory related (Figure  9E). Forming groups by prox-
imity and close relationship, we observed that a large cluster of 
functions is associated in this case with HA signaling and me-
tabolism intermediates. Furthermore, CD44, the main HA re-
ceptor, was related to ABCG2, a pump mediating EPI expulsion. 
In turn, the other group is formed with UGDH as a link, group-
ing certain transferases and enzymes mediating the synthesis of 
other ECM components not analyzed in this work.

We performed the same correlation analysis of the gene expres-
sion data obtained from treated MCF-7 spheroids (Figure 9D). 
In general, we observed that all the correlations were strong and 
positive, reflecting the overall lower expression of all analyzed 
genes under EPI + 4MU treatment. ABCG2 correlated with 
UGDH (p < 0.05), HYAL1 (p < 0.05), and RHAMM (p < 0.01). On 
the other hand, HAS-2 showed a strong association with ABCC2, 
HYAL-1, and UGDH (p < 0.05). The UGDH enzyme correlated 
with HYAL (p < 0.001), CD44 (p < 0.05), and RHAMM (p < 0.05). 
Finally, HYAL-1 showed a positive and strong association with 
CD44 and RHAMM (p < 0.05). By generating the network of in-
teractions between the cellular effectors that showed correlation 

(Figure 9F), we observed again a coherent relationship between 
the evaluated genes, generating two well-separated groups in 
terms of functionality and regulation. In this case, as observed 
for MDA-MB-231 spheroids, CD44 acts as a link between the in-
termediates mediating HA metabolism and drug efflux pumps 
of the ABC family, highlighting the importance of jointly study-
ing these indicators. Collectively, these results demonstrate that 
the mitigating effect of 4-MU on HA and other GAGs remains 
active during EPI treatment, promoting remodeling of the tumor 
ECM and consequently sensitizing tumor cells to EPI treatment.

2.9   |   Synergistic Antitumor Effect of 4-MU 
and EPI Co-Treatment

Synergy between 4-MU and EPI was analyzed using 
SynergyFinder 3.0, applying the Highest Single Agent (HSA) 
method. This model states that the expected combination 
effect is the maximum of the single drug responses at corre-
sponding concentrations. The combination of 4-MU and EPI 
resulted in synergy in both MDA-MB-231 (score: 10.356) and 
MCF-7 (score: 10.171) breast cancer spheroids (Figure  10). 
While both cell lines showed synergistic responses under the 
HSA model, the slightly higher score in MDA-MB-231—an ag-
gressive TNBC model—highlights the potential of this com-
bination to target particularly resistant and invasive tumor 
types. The synergy observed between 4-MU and EPI was par-
ticularly significant, as it supports our experimental results 
showing that 4-MU enhanced the therapeutic efficacy of EPI 
rather than simply adding its own effect. This interaction goes 
beyond additivity, as the primary action of 4-MU appears to 
facilitate the accumulation and effectiveness of EPI in breast 
cancer cells. Thus, 4-MU firstly enhances the individual effect 
of EPI by preventing its glucuronidation, thereby increasing 
its bioavailability and increasing tumor cells' sensitivity. On 
the other hand, by modulating the ECM and reducing the syn-
thesis of HA, 4-MU may disrupt tumor-associated resistance 
mechanisms, helping EPI to generate a stronger cytotoxic ef-
fect. This is especially relevant in the treatment of aggressive 
tumor types like TNBC, where chemotherapy remains the 
mainstay treatment. The ability of 4-MU to potentiate EPI's 
action opens new possibilities for improving the response to 
chemotherapy in difficult-to-treat cancers, offering a promis-
ing strategy to overcome drug resistance and enhance treat-
ment outcomes.

3   |   Discussion

In this work, we proposed to modulate the tumor ECM as a 
therapeutic target but also to address drug response by alter-
ing the intrinsic molecular mechanisms of tumor cells related 
to the metabolism and inactivation of EPI. Interestingly, the 
combined treatment with 4-MU and EPI reduced cell viability 
compared to baseline conditions, highlighting the importance 
of 4-MU in enhancing the in vitro antitumor efficacy of EPI in 
both breast cancer models. These findings are consistent with 
previous studies demonstrating the ability of 4-MU to potentiate 
the efficacy of another anthracycline, such as doxorubicin [17]. 
While these precedents provided an important foundation for 
this study, the proposed approach did not consider the use of EPI 
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FIGURE 9    |    Global impact of 4-MU treatment on gene expression associated with EPI response and HA. Analysis of gene expression changes 
related to drug resistance, HA metabolism, and its main receptors in MDA-MB-231 (A) or MCF-7 (B) treated spheroids. The results are shown as a 
heat map with 2−ΔΔCt values. Correlation analysis of colorectal and breast cancer markers. The results of correlation analysis for MDA-MB-231 (C) 
or MCF-7 (D) are shown as a heat map with r values. All r values above 0.8 (or under −0.8) were considered a strong correlation and p-values lower 
than 0.05 were considered statistically significant. STRING database output depicting functional and physical interactions between the evaluated 
interactors associated with MDA-MB-231 (E) and MCF-7 (F) cells, obtained from http://​strin​g-​db.​org/​. *p < 0.05, **p < 0.01, ***p < 0.001, **p < 0.0001.
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as another target of action for 4-MU, in addition to modulating 
the tumor ECM.

When assessing cell viability in the MCF-7 model, an undesir-
able effect was observed, as treatment with 4-MU alone reduced 
viability compared to control spheroids. This result prompted 
additional experiments to rule out potential toxic effects, par-
ticularly on this cell type. Given their distinct phenotype com-
pared to MDA-MB-231 cells, MCF-7 cell-ECM adhesion markers 
and HA differ from MDA-MB-231 cells [18–20]. Therefore, af-
fecting the ECM with the addition of 4-MU could make MCF-7 
cells more susceptible to changes in spheroid formation and 
potentially impact their proliferation and viability. Cytotoxicity 
assays revealed no significant differences in LDH enzyme activ-
ity released into the supernatants of MDA-MB-231 and MCF-7 

spheroids. This result allowed us to rule out significant toxic 
effects at the cellular and extracellular levels caused by 4-MU 
and EPI. Moreover, the cytotoxicity levels similar to control con-
ditions indicated that the EPI + 4-MU treatment could affect cell 
viability without inducing the release of cellular content into the 
external environment, potentially preventing inflammatory or 
cytotoxic conditions. Furthermore, the lack of detected cyto-
toxicity is consistent with studies reporting that 4-MU does not 
produce direct cytotoxic effects on tumor cells [21]. However, 
there is one report suggesting that while 4-MU acts as an an-
tioxidant and antimicrobial agent in the circulatory system, 
it may exert toxic effects on hemocytes and hematopoiesis. 
Nevertheless, this study was conducted in a different pathophys-
iological context, with higher doses of 4-MU and in invertebrate 
animals [22], which is far from our study model. On the other 

FIGURE 10    |    Synergy effect between EPI and 4-MU. MDA-MB-231 and MCF-7 spheroids were treated with different concentrations of EPI and 
4-MU for 3 days and cell viability was determined by MTS. Synergy was calculated using SynergyFinder 3.0, employing the HAS method. Synergy 
plots (A, B) and isobolograms (C, D) show the occurrence of synergy (red), addition (white), or antagonism (green) of the different combinations of 
EPI and 4-MU concentrations for both tumor spheroids. A score of −10 or lower indicates antagonism, −10 to 10 indicates additivity, and a score of 
10 or greater is synergy (https://​syner​gyfin​der.​fimm.​fi/​).
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hand, the reduction in tumor cell viability without inducing cy-
totoxic effects may be attributed to a potential cytostatic effect 
of our proposed treatment. This effect could primarily be due to 
EPI, which, as a DNA intercalator, induces molecular damage 
that affects cell proliferation [23, 24]. Furthermore, it has been 
shown that 4-MU exhibits antiproliferative properties in cancer 
context [25]. Therefore, the observed effect of the combined EPI 
and 4-MU treatment may be mediated by a cytostatic mecha-
nism, which will be further investigated in future studies.

We acknowledge the critical importance of evaluating the po-
tential toxicity of EPI and 4-MU co-treatment in non-tumoral 
cells, a fundamental aspect of its preclinical development. In 
this sense, EPI has been shown to exert cardiotoxic effects in 
human cardiac myocytes, with significant toxicity observed at 
concentrations starting from 2.5 μM after prolonged exposure 
[26]. It is important to note that the concentrations of EPI used 
in our study, and the short-term exposure are below the thresh-
old considered acutely cytotoxic. This finding suggests a poten-
tially safer therapeutic window for our combination treatment. 
In contrast, 4-MU exhibits low toxicity toward normal cells at 
concentrations that inhibit tumor cell growth or HA synthe-
sis. For example, primary human hepatocytes were unaffected 
under conditions where hepatocellular carcinoma cells under-
went growth inhibition and apoptosis, and normal fibroblasts 
display higher lethal thresholds than tumor counterparts [27]. 
Endothelial cell assays also indicate that cytotoxicity emerges 
only at relatively high millimolar doses [28]. These preclinical 
findings align with human studies showing that 4-MU is gener-
ally safe and well tolerated [29, 30].

Nevertheless, systemic inhibition of HA synthesis with 4-MU 
may affect HA-dependent functions in normal tissues, such as 
joint lubrication, skin hydration, and airway or vascular glycoc-
alyces. Clinical experience and trials indicate a generally favor-
able safety profile, with dose-dependent gastrointestinal events, 
mainly diarrhea (1%–10%), being the most common adverse 
effects [31]. A Phase 1 study in healthy adults demonstrated 
that short-course oral 4-MU reduced sputum HA and was well 
tolerated at the tested doses [30], and more recent randomized 
studies in other indications also report acceptable tolerability 
under medical supervision [32]. Nevertheless, on-target effects 
on the endothelial glycocalyx and vascular homeostasis have 
been observed in animal models with systemic HA suppression, 
highlighting the need for careful dose selection and monitoring. 
Future translational strategies could consider tumor-targeted, 
intermittent, or nanoparticle-based delivery to mitigate poten-
tial off-tumor effects [33].

When analyzing the potential changes in EPI accumulation, 
MDA-MB-231 spheroids showed higher aggressiveness com-
pared to MCF-7 model, related with its intrinsic features [18]. 
Nonetheless, in both tumor contexts, 4-MU significantly en-
hanced EPI access and accumulation compared to treatment 
with EPI alone. Specifically, MDA-MB-231 spheroids treated 
with EPI + 4-MU showed an increase in the number of EPI+ 
cells and EPI accumulation per cell, whereas MCF-7 spheroids 
only exhibited an increase in the percentage of cells containing 
the drug. These results suggest that 4-MU improves EPI uptake 
within tumor spheroids through a dual mechanism. First, the 
increase in the number of EPI+ cells, that is, cells that managed 

to incorporate the drug, could be associated with the direct ef-
fect of 4-MU on HA synthesis and, consequently, on the tumor 
ECM. This may result in reduced HA accumulation and a less 
dense tumor ECM, allowing the drug to reach a greater number 
of tumor cells that could not be accessed without 4-MU treat-
ment. Second, the increased EPI uptake per cell also suggests 
an effect on metabolism and inactivation of EPI. 4-MU may 
act by increasing EPI retention within tumor cells due to the 
sequestration of GlcUA required for its inactivation and expul-
sion [34, 35]. The increase in intracellular EPI accumulation in 
the presence of 4-MU is consistent with studies showing that 
ECM modulation can enhance drug penetration and retention 
in solid tumors, such as breast cancer, thereby improving treat-
ment efficacy.

Moreover, it is important to note that the increased penetration 
and accumulation of EPI in cells derived from both types of 
spheroids were associated with a higher antitumor efficacy of 
EPI compared to treatment without 4-MU. Specifically, an in-
crease in the percentage of apoptotic cells containing EPI was 
observed in the presence of 4-MU in both tumor models. This 
suggests that the incorporation and accumulation of EPI effec-
tively translate into increased sensitivity. In parallel, the analy-
sis of the activation of caspase 3 revealed that the combination of 
EPI + 4-MU significantly increased the proportion of apoptotic 
cells in the TNBC model. This effect appeared to be synergistic, 
as treatment with EPI or 4-MU alone did not significantly differ 
from the basal conditions. Nevertheless, no significant differ-
ences were found in the expression levels of cleaved caspase-3 
per cell, as measured by MFI. These findings strongly suggest 
that the observed effects on increased apoptosis induction are 
likely mediated through modulation of ECM. By inhibiting HA 
synthesis, 4-MU reduces ECM density which could alter the 
structural composition of the spheroids´ stroma and improve 
drug penetration into deeper spheroid layers [36, 37], enhanc-
ing the overall cytotoxic efficacy of EPI. Even more, it has been 
demonstrated that degradation of HA in oligomers suppress 
PI3K/AKT pathway in murine mammary and human colon car-
cinoma cells, leading to the activation of pro-apoptotic media-
tors, and increased activity of the caspase-3 [38].

This phenomenon was particularly pronounced in the MDA-
MB-231 model, highlighting again the differences between 
the two tumor models. However, it is worth noting that both 
tumor types represented by the spheroids became more sensi-
tive relative to their control conditions, in both annexin V and 
CC3 assays. Similarly, several studies have shown that affect-
ing HA metabolism sensitizes tumor cells to chemotherapy, 
which aligns with our results in breast cancer. Furthermore, 
it has been demonstrated that inhibiting HA synthesis with 
4-MU sensitizes prostate cancer cells to doxorubicin therapy 
[39]. Additionally, it was found that 4-MU treatment reduced 
resistance to paclitaxel in ovarian cancer cells [40], similarly re-
ducing resistance to temozolomide in glioblastoma cells. These 
studies contribute to understanding how HA and a dense ECM 
contribute to treatment resistance by creating a physical barrier 
that impedes the proper distribution and accumulation of che-
motherapeutic drugs [41].

To further investigate the sensitization to EPI treatment due to 
4-MU, we studied the ABC family pumps involved in the efflux 
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of anthracyclines such as EPI [42, 43]. These transporters have 
been extensively studied based on their expression levels as 
biomarkers of therapeutic response, aggressiveness, and drug 
resistance, highlighting their potential as modulable targets in 
cancer therapy [44, 45]. Moreover, various studies have linked 
HA and its interaction with its primary receptor (CD44) to 
the expression and functionality of different transporters of 
this family in cancer, such as ABCB1 (or P-glycoprotein) [46], 
ABCC3 (or MRP2) [47], ABCG2 (or BCRP) [48], and ABCC2 
[49]. In particular, the PI3K/AKT signaling pathway, involved 
in cell survival and proliferation, has been suggested as the 
central intracellular axis driving the expression of these drug 
efflux pumps due to the HA-CD44 interaction [25, 50]. The re-
duction of ABCG2 and ABCC2 expressions during EPI + 4-MU 
treatment was consistent with the differential accumulation 
of EPI observed during co-treatment with 4-MU. This result 
suggests not only transcriptional regulation but also a poten-
tial functional impact on ABC pumps. The increased intracel-
lular accumulation of EPI observed during 4-MU treatment 
may be attributed also to the decreased expression of these 
transporters and their ability to expulse chemotherapeutic 
drugs as EPI, potentially resulting in reduced chemotherapy 
resistance. Even more, these results were in line with stud-
ies demonstrating that inhibiting HA synthesis can alter the 
regulation of genes associated with multidrug resistance, in-
cluding ABC family pumps [51]. Given the therapeutic goal 
of reducing tumor mass during chemotherapy treatment, we 
conducted individual monitoring of spheroid size throughout 
the culture period and treatments. In untreated MDA-MB-231 
spheroids, an expected increase in size was observed, which 
could mimic tumor growth without treatment. This highlights 
the importance of using three-dimensional models to study 
drug resistance and tumor progression [52]. On the other 
hand, considering pre and posttreatment size, the combina-
tion of EPI + 4-MU was the only treatment that resulted in a 
significant reduction in spheroid size compared to the control 
group, highlighting the importance of combined treatment to 
reduce tumor size in this aggressive model. MCF-7 spheroids 
were shown to be more sensitive to EPI treatment, since EPI 
treatment diminished spheroids size, an effect that was sim-
ilar during the combined treatment with 4-MU. While there 
were differences in the observed response during the analysis 
of both tumor models, it is noteworthy that both responded 
more effectively to the combination of EPI + 4-MU compared 
to individual treatments and untreated conditions. This could 
be due to intrinsic differences in ECM composition between 
the two cell types, which warrants further investigation.

The reduction in HA levels from cells derived from 4-MU-treated 
spheroids corroborates the ability of 4-MU to reduce HA synthe-
sis even in a three-dimensional model after 3 days of treatment. 
This supports the previous hypothesis of the dual effect of 4-MU 
on EPI treatment, where a reduction in HA content in the tumor 
ECM could improve EPI efficacy by facilitating its access to the 
tumor cells within the spheroid. This is also supported by nu-
merous studies that have discussed how the density of HA in 
the ECM can act as a physical barrier preventing the penetra-
tion of chemotherapeutic agents in various tumor types [51, 53]. 
Additionally, the characterization of cell populations based on 
EPI accumulation and HA synthesis reveals that combined 
treatment with 4-MU and EPI not only affect HA synthesis but 

also alters the distribution and organization of cells within the 
spheroid.

Our findings also demonstrated that treatment with 4-MU and 
EPI had a significant impact on the regulation of HA metabo-
lism. As previously reported by several authors [14, 16, 21, 54], 
treatment with 4-MU alone led to a decrease in the expression 
of HAS2. This was crucial to determining that the regulation of 
HA synthesis could also be affected during combined treatment 
with EPI, and to highlight the relevance of the effect of 4-MU 
being maintained in a three-dimensional context. As reported 
by other authors, the modulation of HAS2 expression by 4-MU 
was related to ER expression [55]. The inhibitory effect on syn-
thase expression was more evident in MDA-MB-231 cells, which 
lack ER expression, compared to the effect observed in MCF-7 
cells, which express this receptor. Furthermore, the decrease in 
UGDH expression was particularly notable, supporting the hy-
pothesis that 4-MU enhances EPI efficacy by interfering with 
the production of GlcUA, a key substrate for glucuronidation 
and eventual inactivation of EPI. Additionally, considering that 
UGDH is regarded as a potential poor prognostic marker in on-
cology and a therapeutic target in cancer biology [56–58], a re-
duction in its expression could also indicate increased sensitivity 
to treatment.

The differential behavior observed between MDA-MB-231 and 
MCF-7 spheroids with respect to HYAL expression was an in-
triguing finding. In MDA-MB-231 spheroids, there was a trend 
toward increased expression of HYAL-1 and HYAL-2 after com-
bined treatment with EPI and 4-MU. This phenomenon could 
represent a compensatory mechanism in response to decreased 
HA synthesis, as HYALs may contribute to ECM remodeling 
and, in some cases, promote tumor progression [59]. This com-
pensatory behavior may be particularly relevant in more aggres-
sive tumor models, such as MDA-MB-231, where the ECM plays 
a crucial role in invasion and treatment resistance. In contrast, 
the significant decrease in HYAL-1 expression in MCF-7 spher-
oids across all treatments indicates a different response that may 
be related to the lower aggressiveness of this cell model. Several 
authors have highlighted that differences in HYAL regulation 
among various tumor types may be associated with tumor ag-
gressiveness and invasive capacity [60–63], which could explain 
the variations observed between MDA-MB-231 and MCF-7 in 
our study.

The modulation of CD44 and RHAMM receptor expression by 
the treatments also shed light on the underlying mechanisms of 
the tumor response. We observed a reduction in CD44 expres-
sion in MDA-MB-231 spheroids following 4-MU treatment, con-
sistent with studies showing the involvement of CD44 in tumor 
progression and chemotherapy resistance and further highlight-
ing its role as a cancer stem cell marker [43, 64]. Importantly, 
the reduction in CD44 protein levels observed in both spheroid 
models during the EPI + 4-MU co-treatment appeared to be 
driven primarily by 4-MU, as it differed significantly from EPI 
treatment alone but not from 4-MU alone. Notably, in MCF-7 
spheroids, EPI treatment by itself also significantly reduced 
CD44 protein expression compared to basal conditions, consis-
tent with the transcriptional findings. Taken together, these re-
sults underscore the central role of 4-MU in modulating CD44 
expression and further highlight the pronounced sensitivity of 

 15216551, 2025, 11, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/iub.70075 by D
aiana L

. V
itale - U

N
N

O
B

A
 U

ni N
acional del N

oroeste de la Provincia de B
uenos A

 , W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



18 of 24 IUBMB Life, 2025

the MCF-7 model to EPI treatment, especially when compared 
to the more aggressive MDA-MB-231 cells. Therefore, reduced 
CD44 expression could be associated with decreased ability of 
tumor cells to interact with their environment, leading to re-
duced proliferation and resistance to EPI. RHAMM has been 
widely studied in conjunction with CD44 in cell migration and 
cytoskeleton organization, suggesting that tumor cells may at-
tempt to compensate for the loss of CD44 by overexpressing 
RHAMM [65]. This compensatory phenomenon could be par-
ticularly relevant in treatment contexts where normal cell-ECM 
interactions are disrupted, especially in more aggressive tumors 
like TNBC, which are less responsive to therapy.

Our results confirm the effectiveness of 4-MU in reducing HA 
synthesis in a three-dimensional context through the study 
of changes in HA synthesis and accumulation in the ECM of 
spheroids. Fluorescence microscopy analysis confirmed these 
findings, showing a marked reduction in HA production follow-
ing 4-MU treatment, both in the absence and presence of EPI. 
This suggests that the effect of 4-MU on HA synthesis persists 
even under co-treatment with EPI, similar to the results ob-
served when studying HAS-2 expression. A key aspect of our 
results is the lack of correlation between HA content and the 
physical dimensions of the spheroids, such as area and perim-
eter. This indicates that the observed decrease in HA synthesis 
is not simply a side effect of spheroid size reduction but a direct 
result of 4-MU's action on the HA biosynthetic machinery [66].

In addition to the direct effect on breast cancer cells demonstrated 
in our study, it is crucial to consider the impact of EPI on other 
associated cells of the TME. In this sense, cancer-associated fi-
broblasts (CAFs) are recognized as the principal architects of the 
tumor stroma and a primary source of HA [67, 68]. Therefore, the 
possibility that EPI, in addition to its cytotoxic action on tumor 
cells, may also produce an effect on CAFs is a hypothesis of great 
therapeutic relevance. Such modulation of the stromal compart-
ment could disassemble the pro-tumoral and chemoresistant 
niche, sensitizing the tumor to treatment. Although our current 
experiments do not directly evaluate the response of CAFs, this 
intriguing possibility highlights a new dimension in the mecha-
nism of action of EPI and underscores the importance of targeting 
therapies not only at the cancer cell but also at the components of 
the microenvironment that sustain it [69, 70]. Indeed, mesenchy-
mal stromal cells are another key factor in the TME, which have 
been shown to confer doxorubicin resistance in breast cancer by 
diminishing its intratumoral accumulation. This chemoresistant 
effect was mediated by HA, as evidenced by its abrogation upon 
depletion or inhibition of HAS2 [71].

Finally, the combination of EPI with 4-MU not only enhanced 
drug accumulation in spheroids but also altered the composition 
of the ECM, facilitating drug penetration and modifying the pro-
file of cell populations found within the tumor spheroids. Based 
on the synergy model used, 4-MU generates a synergistic effect 
when combined with EPI enhancing the individual effect of EPI 
by preventing its glucuronidation, thereby increasing its bioavail-
ability and increasing tumor cells' sensitivity. This increased 
sensitivity of tumor cells may indeed be reflected in the expres-
sion of progression and resistance markers we analyzed. On the 
other hand, by modulating the ECM and reducing the synthesis 
of HA, 4-MU may also disrupt resistance mechanisms mediated 

by ECM, improving EPI to generate a stronger cytotoxic effect. 
The observed synergy between these drugs suggests that targeting 
multiple molecular pathways can significantly improve treatment 
efficacy and overcome drug resistance, avoiding the need for more 
aggressive and cytotoxic doses. The implementation of this ther-
apeutic combination in clinical trials could revolutionize current 
treatment guidelines, reducing not only the side effects associated 
with aggressive therapies but also the cost of care for patients with 
limited resources. Thus, our study establishes a solid precedent 
for continuing in vivo evaluation of this therapeutic combination, 
paving the way for transitioning from preclinical models to clini-
cal trials. With these findings, we propose a new therapeutic par-
adigm that not only increases response rates in breast cancer but 
also aligns with principles of accessibility and health equity, offer-
ing a promising strategy to overcome drug resistance and enhance 
treatment outcomes.

4   |   Conclusions

The results obtained in this study demonstrate that the therapeu-
tic combination of EPI and 4-MU is significantly more effective in 
treating two three-dimensional breast cancer models compared to 
individual treatments. Specifically, the presence of 4-MU during 
EPI chemotherapy was able to reduce cell viability and promote 
the death of MDA-MB-231 and MCF-7 spheroids compared to 
treatment with EPI alone. Furthermore, the combination in-
creased the intracellular accumulation of EPI in tumor cells, facil-
itating the drug's access to previously inaccessible cells. This effect 
was accompanied by a decrease in the expression of efflux pumps, 
suggesting an improvement in treatment efficacy without the need 
to increase the indicated dose, thereby reducing the risk of toxic-
ity. Additionally, 4-MU showed a significant diminishing effect on 
the synthesis, metabolism, and accumulation of HA in the tumor 
ECM, which could contribute to the reduction in spheroid size and 
compaction. Moreover, this inhibitor also demonstrated an effect 
at the spheroid level, preventing the activation of pro-tumor sig-
nals typical of an HA-rich environment.

Finally, these findings underscore the importance of reposition-
ing already approved drugs, such as EPI and 4-MU, as a prom-
ising therapeutic strategy for the treatment of breast cancer, 
regardless of the molecular phenotype each tumor presents. The 
observed synergy between these drugs suggests that by target-
ing multiple molecular pathways, treatment efficacy can be sig-
nificantly improved, overcoming drug resistance. This not only 
enhances treatment efficacy but also facilitates equitable access 
to effective therapies in regions with limited resources, where 
exhaustive molecular characterization and personalized thera-
pies are not available. This study establishes a solid foundation 
for the in vivo evaluation of this therapeutic combination, laying 
the groundwork for its potential clinical implementation.

5   |   Methods

5.1   |   Cell Lines Culture

Human breast cancer cell lines with well-differentiated mo-
lecular profiles were used. The MDA-MB-231 cell line (ATCC 
HTB-26) was chosen to represent TNBC, which represents 
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greatest treatment challenges, and EPI is commonly used for its 
treatment [72]. Additionally, the MCF-7 cell line (ATCC HTB-
22) was used to represent the luminal phenotype. This breast 
cancer type is more frequent and less aggressive than the TNBC 
[73, 74]. Both cell lines were maintained in DMEM-high glucose 
medium supplemented with 2 mM l-glutamine, 100 IU penicil-
lin, 100 μg/mL streptomycin and 10% v/v of fetal bovine serum 
(FBS) in a humidified incubator at 37°C and 5% CO2. During all 
cell cultures, periodic checkups of cell morphology and growth 
rate were performed, in addition to strict control of cell line pas-
sages. Cell lines were also analyzed to discard the presence of 
mycoplasma contamination by PCR.

5.2   |   Tridimensional Cell Culture: Hanging 
Drop Assay

For spheroids formation in hanging drops, a suspension of 
400,000 cells/mL from each cell line was prepared. Then, 20 μL 
drops containing 8000 cells were displayed on the upper side 
of Petri dishes, which were incubated for 5 days with complete 
growth medium in a humidified atmosphere of 5% CO2 at 37°C 
to allow the correct formation of the spheroids.

5.3   |   EPI and 4-MU Treatments

Epirubicin (EPI) was purchased from Selleckchem. 
4-methylumbelliferone (4-MU) sodium salt was purchased 
from Sigma-Aldrich. The dose of EPI for each tumor model 
was determined by calculating the half maximal inhibitory 
concentration (IC50) dose from spheroids treated with a range 
of EPI concentrations. A dose of 1.5 μM EPI for MCF-7 cells 
and 2.5 μM of EPI for MDA-MB-231 cells were selected. The 
dose of 4-MU (0.5 mM) for both tumor spheroids was selected 
considering previous results of our laboratory and to avoid cy-
totoxic effects (data not shown). Spheroids from both cell lines 
were seeded as previously described (day 0). After 5 days of 
hanging drop culture (day 5), MDA-MB-231 and MCF-7 spher-
oids were treated with EPI, 4-MU, or a combination of both 
(EPI + 4-MU) for 3 days, resulting in a total culture period of 
8 days (day 8). Fresh culture medium was prepared containing 
the required amounts of EPI, 4-MU, or both drugs (EPI + 4-
MU) to achieve the desired doses in a final volume of 20 μL. 
Untreated spheroids served as basal controls (BC) and re-
ceived fresh culture medium on day 5. The initial number of 
spheroids varied depending on the subsequent assay.

5.4   |   Evaluation of Spheroid Integrity After 
Dissociation and Re-Plating

For the experiments that required spheroid dissociation, we 
applied a gentle mechanical protocol designed to preserve cell 
integrity and minimize mechanical stress. Spheroids were 
gently dissociated using a mechanical protocol consisting of 
controlled vortexing and repeated pipetting to minimize cell 
damage while ensuring efficient disaggregation into single-cell 
suspensions. Representative bright-field images of dissociated 
MDA-MB-231 and MCF-7 spheroids are shown in Figures S1A 
and S2A, respectively. To further assess spheroid integrity and 

the potential to continue cell-based assays after treatments, in-
dividual spheroids from each condition were re-plated onto solid 
gelatin-coated supports and cultured for 48 h. This approach al-
lowed evaluation of posttreatment adhesion and spreading ca-
pacity as indicators of cell viability and structural preservation 
(Figures S1B and S2B).

5.5   |   Viability Assay

MDA-MB-231 and MCF-7 spheroids were formed and treated 
with EPI and 4-MU as described previously. On day 8, four rep-
resentative spheroids from each condition were mechanically 
homogenized and seeded into a 96-well plate containing 100 μL 
of fresh culture medium and 7 μL of MTS Reagent (Abcam). 
Each treatment was performed with three technical replicates 
(12 spheroids of each condition). The cells were incubated at 
37°C and 5% CO2 for 4 h. Optical density (OD) was measured 
using the spectrophotometer iMark (Bio-Rad Laboratories) at 
490 nm.

5.6   |   Cytotoxicity Assay

Cytotoxicity was evaluated by measuring the activity of lactate 
dehydrogenase (LDH) released from damaged cells using the 
LDH Cytotoxicity Assay Kit (Abcam). The LDH enzyme ox-
idizes lactate to pyruvate, which reacts with tetrazolium salt 
(INT) to form formazan. Each treatment was performed with 
four technical replicates. Supernatants from MDA-MB-231 and 
MCF-7 spheroids of each condition were analyzed according to 
the manufacturer's protocol.

5.7   |   Apoptosis Detection Assay

MDA-MB-231 and MCF-7 spheroids were treated as detailed 
before. On day 8, 50 spheroids of each condition were mechani-
cally homogenized, washed, and marked with annexin V-FITC 
(Novus Biologicals) for 30 min at room temperature (RT) ac-
cording to the manufacturer's protocol. Samples were analyzed 
using a FACS Canto II cytometer (BD Biosciences) and results 
were evaluated using FlowJo 5 software (BD Biosciences). The 
gating strategy applied to all FACS analyzes is summarized in 
Figure  S3, showing representative examples of the sequential 
gating steps used to identify single cells and ensure consistency 
across all experimental conditions.

5.8   |   Determination of Intracellular Accumulation 
of EPI

EPI is a small molecule capable of emitting fluorescence detect-
able by flow cytometry (550–600 nm). This property enables 
the determination of intracellular EPI accumulation, as pre-
viously described [75]. On day 8, 50 MDA-MB-231 and MCF-7 
spheroids treated with EPI or EPI + 4-MU were mechanically 
homogenized and washed with PBS. EPI fluorescence was col-
lected using a 564–606 nm band-pass filter on a FACS Canto II 
cytometer (BD Biosciences). Data was analyzed using FlowJo 5 
software (BD Biosciences).
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5.9   |   Intracellular Flow Cytometry for Detection 
of Cleaved Caspase-3

To evaluate apoptosis induction, intracellular staining of cleaved 
caspase-3 was performed by flow cytometry. Briefly, on day 8, 50 
MDA-MB-231 spheroids treated with EPI or EPI + 4-MU were 
mechanically homogenized and fixed with 4% paraformalde-
hyde (PFA). After washing, cells were permeabilized using a 
saponin-based buffer (0.5% saponin in PBS containing 10% FBS) 
to allow intracellular antibody access. Staining was performed 
using a primary anti-cleaved caspase-3 antibody (1:800, Asp175, 
#9661, Cell Signaling Technology) followed by a secondary anti-
mouse antibody conjugated to Alexa Fluor 488 (AF488, 1:500, 
Cell Signaling). Samples were analyzed on a FACS Canto II 
flow cytometer (BD Biosciences), and data were processed using 
FlowJo software (BD Biosciences). The percentage of cleaved 
caspase-3-positive cells (CC3+) and mean fluorescence intensity 
(MFI) were calculated for each condition (Figure S4).

5.10   |   RNA Extraction and cDNA Synthesis

Total RNA was extracted from MDA-MB-231 and MCF-7 spher-
oids using Tri Reagent (MRC). On day 8, 120 spheroids of each 
condition were collected in 500 μL of Tri Reagent. Total RNA 
was obtained following the manufacturer's protocol. RNA 
integrity and quantification were assessed spectrophotomet-
rically by measuring OD260 and OD280 using a Picodrop in-
strument. Reverse transcription of mRNA (1 μg) into cDNA 
was performed by reverse transcriptase PCR (RT-PCR) using a 
Veriti thermocycler (Applied Byosystems). The RT-PCR reaction 
mixture contained 2 μg of total RNA, 100 pmol/μL of oligos (dT) 
(Genbiotech), 10 mM dNTPs (Genbiotech) and 100 U of M-MLV 
reverse transcriptase (Promega).

5.11   |   Quantitative Real-Time PCR

qPCR for each gene was performed using Sso Advanced 
Universal SYBR Green Supermix (Bio-Rad Laboratories) con-
taining 200 nM of each specific primer. Gene expression was 
quantified with the CFX96 Touch Real-Time PCR Detection 
System (Bio-Rad Laboratories). The amplification conditions 
were as follows: 30 s at 95°C, followed by 40 cycles of 15 s at 95°C 
and 30 s at 60°C. The 2−ΔΔCt method was used for the transcrip-
tional analysis, and target gene expression was normalized to 
β2M expression levels. Primer sequences were confirmed by 
NCBI BLAST analysis and are provided in the Table S1.

5.12   |   Determination of Tumor Spheroids Size

The final perimeter and volume of MDA-MB-231 and MCF-7 
spheroids were measured on day 8. Micrographs of at least 
eight spheroids were captured with a digital camera (Infinity 
3-Lumenera) coupled to an inverted optical microscope (Carl 
Zeiss). To determine potential changes pre and post treatment, 
micrographs of individually selected spheroids from each con-
dition were taken on day 5 (pretreatment) and day 8 (post-
treatment) to calculate its area. The area and perimeter were 
determined using ImageJ (NIH). To calculate the volume, the 

ellipsoid formula was applied, adjusting the calculation for non-
spherical spheroids, as previously described [76].

5.13   |   Determination of HA Single-Cell Coat by 
Flow Cytometry

HA pericellular accumulation was detected by flow cytometry as 
previously described [77]. Briefly, on day 8, 50 spheroids of each 
condition were mechanically homogenized, washed, and labeled 
with a HA-binding protein conjugated to biotin (biotinylated 
HABP, b-HABP, Merck). The samples were subsequently labeled 
with streptavidin-APC (Abcam) for specific fluorescent detection. 
Samples were analyzed using a FACS Canto II cytometer (BD 
Biosciences). Data were evaluated with FlowJo 5 software (BD 
Biosciences), and the percentage of HA-positive cells and the mean 
fluorescence intensity (MFI) of HA production were calculated.

5.14   |   Determination of HA Accumulation 
and CD44 Expression in Tumor Spheroids by 
Fluorescence Microscopy

To quantify HA levels while preserving spheroid structure, fluo-
rescence microscopy was performed [78]. On day 8, at least eight 
spheroids of each condition were washed, blocked, and incubated 
overnight at 4°C in a humid chamber with b-HABP. Subsequently, 
they were incubated for 1 h in the dark at RT with streptavidin-
APC (Abcam). Blocking of streptavidin and biotin was performed 
with reagents from the VectorLab kit (Vector Laboratories). CD44 
expression was evaluated by immunofluorescence using a primary 
mouse antihuman CD44 antibody (1:500, Cell Signaling) followed 
by an Alexa Fluor 488-conjugated anti-mouse secondary antibody 
(AF488, 1:500, Cell Signaling). To ensure specific binding, non-
specific interactions were blocked with 1% BSA in PBS prior to 
staining. Spheroids were then incubated with 0.3 μg/mL DAPI for 
5 min in the dark to identify cell nuclei. As controls for nonspecific 
signal, autofluorescence was assessed in unstained samples, as 
well as in samples incubated with streptavidin-APC or anti-mouse 
AF488 secondary antibody alone. Spheroids were visualized using 
an Axio Imager.A2 trinocular fluorescence optical microscope 
(Carl Zeiss), capturing multiple micrographs of each spheroid.

5.15   |   Protein Interaction Network Analysis

STRING v12.0 (http://​strin​g-​db.​org/​) was used to generate in sil-
ico protein interaction networks for the gene products that were 
analyzed in our experiments. All interactions were predicted 
with a high confidence threshold and all active predictive meth-
ods were allowed. For the enrichment analysis, STRING imple-
ments well-known classification systems such as KEGG were 
used (Kyoto Encyclopedia of Genes and Genomes) [79].

5.16   |   Synergy Assays

MDA-MB-231 and MCF-7 spheroids were treated with varying 
concentrations of EPI and 4-MU for 3 days. Cell viability was as-
sessed using the MTS Reagent (Abcam) as previously described. 
Synergy was calculated using the SynergyFinder 3.0 web 
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application, employing the Highest Single Agent (HSA) method 
[80]. This model states that the expected combination effect is 
the maximum of the single drug responses at corresponding 
concentrations. This approach specifically evaluates how 4-MU 
enhances the effect of EPI by comparing its combined effect to 
the effect observed with the same dose used in the individual 
EPI treatment. A synergy score of −10 or lower indicates antag-
onism, −10 to 10 indicates additivity, and a score of 10 or greater 
suggests synergy.

5.17   |   Statistical Analysis

For statistical analysis, 95% confidence intervals (CIs) were cal-
culated based on the arithmetic mean values and variance (stan-
dard error of the mean, SEM) of three independent experiments. 
Prior to statistical testing, normality and homoscedasticity were 
assessed to select appropriate tests. To evaluate the statistical 
significance of differences between obtained values, Student's 
t-tests (independent or paired, as appropriate) were used for 
comparisons between two groups, while analysis of variance 
(ANOVA) followed by a post hoc test was employed to evalu-
ate differences among more than two experimental groups. The 
choice of the post hoc test was dependent on the fulfillment 
of normality and homoscedasticity assumptions. Pearson or 
Spearman correlation analysis was performed, depending on 
the normality of the data. Correlation coefficients above 0.8 (or 
below −0.8) were considered strong correlations. Statistical ana-
lyzes were performed using Prism (GraphPad 5), with a p-value 
< 0.05 indicating statistical significance. The detailed summary 
of all measurements, including mean ± SEM values and the sta-
tistical tests applied for each experimental condition, is provided 
in Table S2 for MDA-MB-231 spheroids and Table S3 for MCF-7 
spheroids.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Representative bright-field 
images of MDA-MB-231 spheroids after dissociation and re-plating on 
gelatin-coated supports. (A) Single-cell suspensions obtained through 
gentle mechanical dissociation. (B) Re-plated spheroids after 48 h of cul-
ture, illustrating cell adhesion and spreading. Figure S2: Representative 
bright-field images of MCF-7 spheroids after dissociation and re-plating 
on gelatin-coated supports. (A) Single-cell suspensions obtained 
through gentle mechanical dissociation. (B) Re-plated spheroids after 
48 h of culture, illustrating cell adhesion and spreading. Figure S3: 
Summary of the flow cytometry (FACS) gating strategy applied to all 
experiments. Sequential gating steps were used to exclude debris, dou-
blets, and dead cells, allowing analysis of a homogeneous population 
of single viable cells. Figure S4: Activation of caspase-3 in response 
to 4-MU and EPI treatment in MDA-MB-231 spheroids. MDA-MB-231 
cells (8 × 103) were cultured under three-dimensional conditions using 
the hanging drop assay to allow the formation of tumor spheroids. On 
day 5, the spheroids were treated with 0.5 mM 4-MU plus 2.5 μM EPI for 
3 days. On day 8, different spheroids per condition were collected and 
cleaved caspase-3 (CC3) expression was determined by intracytoplas-
mic flow cytometry. Bars show the percentage of CC3+ cells (B) or the 
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mean fluorescence intensity (MFI) (C) determined by comparison with 
a negative control. Histograms (A) show the most representative exper-
iment performed with at least 50,000 events/condition. N = 4, expressed 
as mean ± SEM. *p < 0.05, **p < 0.01. Figure S5: Analysis of EPI accu-
mulation and HA pericellular accumulation by flow cytometry. MDA-
MB-231 or MCF-7 cells (8 × 103) were cultured under three-dimensional 
conditions using the hanging drop assay to allow the formation of tumor 
spheroids. On day 5, spheroids were treated with 0.5 mM 4-MU plus 2.5 
μM EPI for 3 days. On day 8, different spheroids per condition were har-
vested and HA pericellular accumulation and EPI accumulation were 
determined by flow cytometry. Dot plots show the most representative 
data. Scale bar: 200 μm. Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. Table  S1: Primers used for RT-qPCR. Table  S2: 
Summary of statistical analyzes for MDA-MB-231 spheroids, including 
mean ± SEM and the statistical tests applied for each experimental con-
dition. Table S3: Summary of statistical analyzes for MCF-7 spheroids, 
including mean ± SEM and the statistical tests applied for each experi-
mental condition. 
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