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ABSTRACT

reast cancer continues to be a serious global health

concern, necessitating novel treatment approaches.

This study explores the potential of combination

therapies, investigating the combinatorial effects of

doxorubicin (Dox) and renieramycin M (RM) in vivo,
previously shown to have synergistic effects in vitro. Single drug
administrations and combination treatments were tested on in
vivo breast cancer murine models using 4T1-injected BALB/c
mice. Tumor volume, animal mortality, and clinical toxicity
were monitored, and in silico toxicity assessment was performed.
Histopathological analyses using hematoxylin and eosin (H&E)
staining, and immunohistochemistry utilizing the p63 breast
cancer marker were used for validation. The combination
treatment of Dox and RM (5 mg/kg + 1 mg/kg) displayed a
46.53% reduction in tumor volume and an 83.63% decrease in
observed metastatic infiltration in the liver. Furthermore, the
combination treatment of Dox and RM significantly delayed and
reduced the clinical signs of toxicity, as revealed by the decline
in observed mortality as opposed to animal deaths in single drug
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treatments. Our study highlights the potential synergism
between Dox and RM as combination therapy for breast cancer
treatment. These findings provide possible strategies to
improved therapies, offering a more effective and less toxic
approach to mitigating breast cancer.

INTRODUCTION

Breast cancer is still the most common cancer in women,
accounting for the second most common cause of cancer death
(Arnold et al. 2022). An estimated 30-75% of patients
undergoing surgery and adjuvant treatment will develop
recurrent metastatic disease (Gogate et al. 2021; Mariotto et al.
2011). Metastatic breast cancer (MBC) is essentially incurable
with standard therapy and patients with MBC have a median
survival of about 2 years after detection of metastasis (Gamucci
et al. 2007). Doxorubicin (Dox) is an anthracycline drug (Figure
1) widely used in chemotherapy regimens for patients with MBC
and has shown overall response rates of 35%-50% in patients
with MBC who have not previously received chemotherapy
(Andreopoulou and Sparano 2013; Zheng et al. 2015). Despite
its excellent anti-tumor activity, Dox has a relatively low
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therapeutic index, and its clinical utility is limited due to acute
and chronic toxicities such as myelosuppression,
immunosuppression, and dose-cumulative cardiotoxicity
(Chatterjee et al. 2010; Dulfet al. 2023). Therefore, combination
treatment with another highly effective novel non-toxic drug that
can lower the dose of chemotherapeutic agents would be
desirable (Meco et al. 2003).

Renieramycin M Doxorubicin
Figure 1: Chemical structures of renieramycin M and doxorubicin

Renieramycin M (RM) is a marine natural product
tetrahydroisoquinoline purified from the blue sponge
Xestospongia sp. with bioactivity that has been associated with
nanomolar level ICsy cytotoxicity on various cancer cell lines:
colon, lung, melanoma, pancreatic, and breast cancer cells
(Charupant et al. 2009; Charupant et al. 2009; Saito et al. 2004;
Suwanborirux et al. 2003; Tun et al. 2019) (Figure 1). Several
mechanisms of action have been proposed for RM. This includes
inhibition of the PIK3-Akt and ERB pathways, and
downregulation of MCL-1, BCL-1, and BRCA1 genes, and
targeting focal adhesion in the cell (Chamni et al. 2020;
Charupant et al. 2009; Halim et al. 2011; Tun et al. 2019) making
RM a potent anti-tumor agent and a good candidate for
combination treatment with Dox.

The combination of Dox and RM holds promise as potential
anti-tumor and anti-metastatic therapies. In fact, Dox and RM
have been demonstrated to have synergistic effects on breast
cancer cell lines (Tun et al. 2019). In this report, we performed
in vivo studies as proof of concept or proof of principle to
determine the clinical potential and effectiveness of Dox + RM
against breast cancer in a murine model.

MATERIALS AND METHODS

Renieramycin M (RM) used for this study was isolated and
purified using the method of Suwanborirux et al. (2003),
obtained from the open-sea mariculture of the blue sponge
Xestospongia sp. in Puerto Galera, Oriental Mindoro (Santiago
et al. 2019). RM is > 99% pure. All NMR and MS data agreed
with literature values. A 10 mM (5.75 mg/mL) stock solution of
RM was prepared in dimethyl sulfoxide (DMSO), and then
further diluted to 100 uM using the same solvent. Doxorubicin
(Dox), 98-102% pure (HPLC), was purchased from Sigma-
Aldrich Co. (D1515) (Milwaukee, Wisconsin USA) and

dissolved in sterile water to make an 8.5 mM (5 mg/mL) solution.

Both stock solutions were aliquoted in several tubes, and stored
at -20°C. Further dilutions of RM and Dox were prepared in 10%
DMSO and sdH»O, respectively.

Cell culture

The 4T1 mouse breast adenocarcinoma cells (CRL-2539™)
were acquired from ATCC (American Type Culture Collection)
and grown in vitro until they reached 60-80% confluency
according to manufacturer’s protocol. 4T1 cells were maintained
at 37°C, 5% CO» in RPMI 1640 with 10% FBS (Gibco) and 1%

antibiotics and antimycotics (anti-anti) (Gibco). 4T1 cells were
harvested by trypsinization prior to injection to test animals.

Animal Studies and Ethics Statement

All protocols in this manuscript involving the use of animals
were approved by the Institutional Animal Care and Use
Committee of the University of the Philippines Diliman (#AP-
2020-17, approved 4 April 2020; #AP-2022-21, approved 4
November 2022). The 4T1 tumor mouse model is a suitable
animal model for metastatic breast cancer (Pulaski and Ostrand-
Rosenberg 1998). The animal experiments were performed at
the Animal Facility of the Marine Science Institute. Healthy 6-8
week-old female BALB/c mice were used for the experiment.
Mice were injected subcutaneously in the mammary pad with
4T1 cells (7,000 cells/50 pL in PBS). Treatment commenced
when the tumor became palpable. All treatments were
administered intraperitoneally(). Outlier data points were
calculated using the two-dimensional mathematical model and
removed from tumor volume analyses (Sapi and Kovacs 2015).

Tumor Measurements and Volume Computation

Four mice per treatment cohort were used for the solvent control
(1% DMSO in PBS), positive control (Dox at 5 mgkg
concentration) and test samples for each treatment doses
(consisting of single drug and combination drug doses).
Administration was performed following a 3-day treatment
regimen (once-daily dosing) during the entire length of the study.
Treatments were introduced intraperitoneally. Tumor growth
was measured every day for a period of one month. Tumor
volumes and growth rates were calculated as described by
Faustino-Rocha et al. (2013). Briefly, two perpendicular
dimensions of each tumor were measured using a Vernier caliper,
and tumor volumes were calculated using the formula for an
ellipsoid: W2 x L x 0.5, where width (W) is less than or equal to
length (L).

After the said period, the mice were sacrificed with CO,. Tumors
were dissected, with a portion preserved in 10% buffered
formalin for histological evaluation, while the remainder was
preserved at -80°C.

Histopathology and Immunohistochemistry

Extracted tumors preserved in 10% buffered formalin were
subjected to sectioning and biopsy. H&E (hematoxylin and
eosin) staining and immunohistochemistry using p63 antibody
staining were performed by Hi-Precision Diagnostics (Quezon
City, Philippines). After the tissue was sectioned and embedded
on a glass slide, the samples were stained with H&E using
standard protocols. In brief, the slide containing the tissue was
deparaffinized by allowing the slide to be flamed several times
while placed in xylene. The tissue section was then hydrated by
passing through decreasing concentrations of alcohol baths and
water (100%, 90%, 80%, 70%). The slide was then stained in
hematoxylin for 3-5 min, differentiated in 1% acid alcohol,
ammonia water and finally eosin, with washing with tap water
in between each staining step. Slides were dehydrated in
increasing concentrations of alcohol and cleared in xylene.

The p63 staining (IHC-Tek) was performed following the
manufacturer’s instructions. In brief, a dilution of 1:200 was
performed with an incubation time of 1 h at room temperature.
The serum blocking step was not necessary to reduce the
background and unspecific staining.

Statistical Analysis

All experiments were performed with at least two to three
independent trials. Results were expressed as mean + SD or
mean + SEM. Statistical comparisons were performed using
GraphPad Prism™ version 7.03 using one-way ANOVA
(analysis of variance) followed by Bonferroni or Dunnett’s
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Multiple Comparison Test or Tukey’s Multiple Comparison
Test or unpaired two-tailed Student’s t-test. p < 0.05 were
considered significant.

RESULTS AND DISCUSSION
Induction of metastatic breast cancer by inoculation of 4T1 cells

To determine the combinatorial effects of RM and Dox as anti-
tumor agents, 6-8-week-old female BALB/c mice were
inoculated with 4T1 breast cancer cells to simulate breast cancer
tumors in a murine model. The number of cells was optimized
by injecting 100, 1,000, 10,000, and 100,000 cells
(Supplementary Figure 1). Tumor size was monitored daily by
measuring the length and width using a Vernier caliper and
calculating the volume as described in the Methods section.
(Carlson et al. 2011). A cell count of 7,000 cells was most
appropriate to ensure palpable tumors before day seven. Mice
that were injected with 10,000 and 100,000 cells showed
palpable tumors as early as two days post inoculation, while
mice that were injected with < 1,000 cells displayed palpable
tumors more than seven days post inoculation. The introduction
of the first treatment was timed one day after more than half of
the mice exhibited palpable tumors (Carlson et al. 2011). Mice
were then grouped and subjected to different dosage
combination treatments. Mice were observed for five weeks
before being euthanized. Tumors were successfully grown on
each BALB/c mouse, as seen in representative animals in Figure
2.
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Figure 2: Progression of palpable tumors in mice after inoculation of
4T1 breast cancer cells. BALB/c mice (6-8-weeks old) were injected
(s.c) with 4T1 cells (7,000 cells/50 pL) in their upper right mammary
gland. Tumor size was measured daily.

Effects of treatments on tumor volume

The first of the three treatments was administered
intraperitoneally once the tumor became palpable, measuring at
least 2 x 2 mm. This occurred on the seventh day following
inoculation. Subsequently, the second and third treatments were
administered on day 10 and day 13, respectively, with a 3-day
gap between each treatment. The 3-day interval was decided
based on the previously described administration of
chemotherapy drugs in murine models, where chemotherapy
drugs were administered every other day (Bao et al. 2011) or
once every seven days (Argenziano et al. 2020) depending on
the class and dosage of drugs introduced. Given the absence of
prior reports on the excretion and half-life of the combined Dox
and RM in vivo, we chose a 3-day interval between treatments
as the dosing schedule (Mishima et al. 2005).
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Figure 3: Timeline and progression of tumor volume in BALB/c mice. Combination treatments of Dox + RM, and single-drug treatments were observed
to decrease tumor size in primary breast cancer xenografts. BALB/c mice bearing 4T1 cells were treated with multiple doses to determine the effects
of Dox + RM combination. A) Schematic diagram of the timeline of inoculation and treatment events. B) Tumor volume and experimental protocol from
day 0 to end point day 35 of all treatment setup. C) Tumor volume for setups of specific combination doses and single drug doses that showed the
greatest reduction (day 14 to day 21). D) Individual tumor volumes on day 14 and day 21 from the same treatment setups highlighted in B. (n = 4/group).
Mean + SEM, * and bars with p-value mean significant differences among treatments (ANOVA and Tukey’s multiple comparison test; P < 0.05).
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Figure 3 shows the tumor volume for each setup following daily
measurements. Tumor volumes were compared against
treatment setups and vehicle control (DMSO) across a period of
five weeks. The gray bar in Figure 3B highlights the one-week
period succeeding the three treatments. Figures 3C and 3D are
on four setups: two combination doses (Dox + RM: 5 mg/kg + 1
mg/kg), Dox + RM: 5 mg/kg + 0.2 mg/kg) and single-drug
concentrations for Dox (5 mg/kg) and RM (1 mg/kg). We
observed a significant reduction (45.10 %) starting on day 17 for
the combination treatment Dox + RM (5§ mg/kg + 1 mg/kg)
compared to the vehicle control setup. This was observed until
day 21, where the combination treatment Dox + RM (5 mg/kg +
1 mg/kg) showed a significant reduction of 46.53% compared to
vehicle control. The effectiveness of this combination dose was
significantly higher compared to the other combination doses as
well as the single-dose treatments.

Moribundity and animal survival

The general health condition of each mouse was monitored
throughout the course of the experiment. This was done by
checking its weight, food intake, and cage activity daily
(Supplementary Figure 2). Moribundity and sluggishness were
noted as signs of drug toxicity and are often indications of
clinical toxicity (Sewell et al. 2015; Yamagishi et al. 2022). The
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death of mice for trial 1 (data not shown) and trial 2 are reported
in a Kaplan-Meier survival plot (Dudley et al. 2016) in Figure 4.
High-dose introduction of Dox (5 mg/kg) caused the greatest
number of deaths due to drug toxicity and was expected since
Dox has been previously reported to cause late-stage
cardiotoxicity and liver toxicity in vivo (Chamni et al. 2020;
Chatterjee et al. 2010; Dulf et al. 2023). The second group with
the greatest number of deaths was from the setup with high-dose
RM treatment (I mg/kg). RM has been reported to have
cytotoxic effects in vitro in different types of cancer cell lines:
non-small cell lung cancer, colon cancer, pancreatic cancer, and
breast carcinoma with putative mechanisms targeting the PIK3-
Akt and ERB pathways, and downregulation of MCL-1, BCL-1,
and BRCA1 genes (Chamni et al. 2020; Charupant et al., 2009;
Tun et al. 2019) Interestingly, combination treatments Dox +
RM (5 mg/kg + 1 mg/kg and Smg/kg + 0.2 mg/kg) showed
significant reduction in the deaths compared to its counterpart
single treatments of the same dosage. Only one death was
observed in the Dox + RM (5 mg/kg + 1 mg/kg) and none was
observed in the Dox + RM (5 mg/kg + 0.2 mg/kg). The reported
death observed in Dox + RM (5 mg/kg + 1 mg/kg) occurred on
day 33, while the first observed deaths in single dose treatments
were on day 24 and day 29 for Dox (5 mg/kg) and RM (1 mg/kg),
respectively.

— Dox + RM (5 mg/kg + 1 mg/kg)
— Dox + RM (5 mg/kg + 0.2 mg/kg)
-+ Dox (5 mg/kg)

— RM (1 mg/kg)

— DMSO

Figure 4: Kaplan-Meier survival analysis of 4T1-injected treated and untreated mice.

Histopathology analysis: Hematoxylin and Eosin staining

To compare the histopathological changes in untreated and
treated 4T1 challenged mice, tumor, liver, and lung tissues were
harvested at day 35, fixed, and stained with hematoxylin and
eosin (H&E) (Figure 5). H&E staining can accurately identify
tumor regions and invasive metastases. It requires immobilized
sections of the sample and is suitable for ex vivo pathological
analysis. Here, H&E staining was used to quantify the metastatic
regions in both the liver and lung tissues to provide insights into
the anti-metastatic effects of the single and combination
treatments. 4T1-injected mice showed lesions as revealed by
condensed apoptotic nuclei, nuclei segmentation and
hyperchrome prominent nucleoli, which were all identified
indicators of metastatic infiltrations (Jorgensen et al. 2017; Li et
al. 2018; Shovon et al. 2022; Valkonen et al. 2017). We used the
divergent cell nuclei features from whole slide imaging and

quantified the region of interest using Imagel] software
(Schneider et al. 2012) (Figure 6). Quantitation of the metastatic
infiltrations in the liver tissue revealed a significant reduction in
treated groups compared to untreated groups. When compared
to each treatment type, the combination setups showed the most
promising reduction in metastases with the Dox + RM (5 mg/kg
+ 1 mg/kg) as the most effective treatment with an average
reduction of 83.63% compared to the untreated group. This was
followed closely by the single RM dose (2 mg/kg) and
combination Dox + RM (Smg/kg + 0.2 mg/kg) at 76.04% and
75.33%, respectively. The rest of the percentage reduction in
liver metastases of the different treatments is listed in Table 1.
On the other hand, the quantification of lung metastases showed
equivocal findings due to uneven lung tissue sectioning and
hard-to-identify congested lung tissues and large cancer
infiltrations.
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Figure 5: Hematoxylin and eosin (H&E) staining of tumor, liver, and lung slces from untreated and trea 4T1-injected mice (20x magnification viewed
under an Olympus IX70 inverted microscope captured using CellSens software).
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Figure 6: Metastatic infiltration quantified from the H&E staining of liver samples (20x). Regions of interest were identified based on the appearance
of divergent nuclei segmentation and hyperchrome nucleoli. Quantitation was in whole slice imaging analysis using ImageJ software. Bars represent
the mean + SEM, (each treatment has three slides) and lines above the means indicate significant differences among treatments . All treatments are
significantly different relative to the DMSO control (ANOVA and Tukey’s multiple comparison test; P < 0.05).
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Table 1: Percent reduction in liver metastases relative to DMSO control-treated animals

Treatment (dosage) Percent Reduction
Dox + RM (5 mg/kg + 1 mg/kg) 8363 <+ 3.77
Dox + RM (5 mg/kg + 0.2 mg/kg) 7533 + 388
Dox + RM (1 mg/kg + 1 mg/kg) 6426 =+ 2.09
Dox + RM (1 mg/kg + 0.2 mg/kg) 5895 +  9.76
Dox (5 mg/kg) 5146 + 331
Dox (1 mg/kg) 51.52 = 1046
RM (2 mg/kg) 76.04 + 383
RM (1 mg/kg) 51.87 + 8.74
RM (0.2 mg/kg) 4331 + 11.29

Immunohistochemistry analysis using p63 marker

Table 2: p63 Immunohistochemistry (IHC) staining of the tumor, liver, and lung sections from the Dox + RM (5 mg/kg + 1 mg/kg), vehicle control group,
and normal (non-treated, no-tumor) group at 4X and 20X magnifications. The expression of p63 is indicated by the brown stains. (4X and 20X

magnification viewed under an Olympus IX70 inverted microscope captured using CellSens software).
Set up organ/tissue 4X 20X
Dox + RM Tumor
(S mg/kg +1
mg/kg)
Liver
Lungs
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Vehicle control Tumor
Liver
Lungs
Normal cell Liver
(4T1-negative
setup)
Lungs

The transcription factor tumor protein 63 (p63) belongs to the
p53 gene family which plays an important role in cellular
differentiation and carcinogenesis (Détsch et al. 2010; Westfall
and Pietenpol 2004). High expression of p63 in different cell and
tissue types enables its use in immunohistochemistry (IHC) as a
cell marker for cancer diagnosis in different glands and tissues,
including the breasts (Steurer et al. 2021; Westfall and Pietenpol
2004). In this study, tissue samples of varying treatments were

selected for p63 THC. The p63 IHC staining analysis of the
tumor, liver, and lungs from the Dox + RM (5 mg/kg + 1 mg/kg),
vehicle control, and normal setup (no tumor) were conducted by
the affiliated pathologist of Hi-Precision Diagnostics (Table 2).
All the stained tissues in Dox + RM (5 mg/kg + 1 mg/kg) showed
positive p63 expression in neoplastic cells wherein p63 positive
myoepithelial cells were detected in the tumor while metastasis
of mammary carcinoma was observed in the liver and the lungs.
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Poor p63 uptake in some areas of interest and non-specific
staining were also reported in the lungs and liver. For the vehicle
control group, tumor and lungs were positive for p63 expression
and showed metastatic mammary carcinoma. The lung tissue, on
the other hand, showed non-specific staining in much of the liver
parenchyma. The normal (non-treated, no-tumor control group)
setup resulted in unexpected observations wherein positive p63
expression with non-specific stains in some areas of the liver
was detected, while poor uptake of p63 was reported for the
lungs. Notably, as seen in Table 2, lower intensity of the staining
can be observed for all the tissues, especially the lungs in the
treated group in comparison to the non-treated groups indicating

Table 3: Tabulated in silico ADMET of RM from pkCSM

reduced p63 expression (intensity profiles data using CellSens
software not shown). This suggested the combinatorial treatment
of Dox and RM may exhibit an effect on the tumor and
metastasis of the carcinoma. Further validation and analysis are
needed to verify these observations.

Assessment of treatment toxicities

In_silico Absorption, Distribution, Metabolism, Excretion,
Toxicity (ADMET) of RM

Property Predicted value Reference value*
Water solubility -3.739 log mol/L
Caco?2 permeability 0.39 log Papp in 10 cm/s Papp > 8 x 10 cm/s
Intestinal absorption (human) | 79.557% absorbed >30%
ABSORPTION Skin permeability -2.772 log Kp log Kp <-2.5
P-glycoprotein substrate Yes
P-glycoprotein I inhibitor Yes
P-glycoprotein II inhibitor No
VDss (human) -0.49 log L/kg ;&155 (1(11;‘8 > VDss >
DISTRIBUTION Fraction unbound (human) 0.532 log L/kg
BBB permeability -1.194 log BB log BB>0.3
CNS permeability -3.478 log PS log>-2
CYP2D6 substrate No
CYP3A4 substrate Yes
CYPI1A2 inhibitor No
METABOLISM CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No
EXCRETION Total clearance 0.766 log mL/min/kg
Renal OCT?2 substrate No
AMES toxicity No
Max. tolerated dose (human) | -0.535 log mg/kg/day 09f7777 (g?glg > MRTD >
hERG I inhibitor No
TOXICITY hERG II inhibitor No
grgls%;lt Acute Toxicity 3.053 mol/kg
?Lrgl gi)(:hronic Toxicity 1.916 log mg/kg/bw/day
Hepatotoxicity Yes
Skin sensitization No
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T. pyriformis toxicity

0.285 log ug/L

> -0.5 log ug/L (toxic)

Minnow toxicity

2.271 log mM

LC50 < 0.5 (high acute
toxicity)

*Reference values were lifted from the Theory Tab on how to interpret the results in the pkCSM web server (https://biosig.lab.uq.edu.au/pkcsm)

Due to the observed protective functions of the combination
treatments and the known cytotoxicity of doxorubicin, we
performed in silico ADMET analysis on RM to provide insights
on the pharmacokinetics-pharmacodynamics and assess its
contribution to drug toxicity. The ADMET properties of RM
based on its structure were predicted using the free web server
pkCSM (Pires et al. 2015). The prediction showed low Caco2
permeability and high intestinal absorption, indicating that the
compound is not readily absorbed by the colon if orally
administered but a proportion of the compound is readily
absorbed through the human small intestine. RM is also skin-
permeable and has no skin sensitization which means it has no
adverse effect when applied dermally; hence, it can be
developed for transdermal drug delivery. It can be transported
by P-glycoprotein (P-gp) and can also inhibit P-gp I transport. A
low volume of RM is also needed for the total dose to be
uniformly distributed to give the same concentration in the blood
plasma. RM was also predicted to have a weak ability to cross
into the blood brain barrier and to penetrate the central nervous
system. In terms of metabolism, RM can be metabolized and
biotransformed by cytochrome CYP3A4 but not CYP2D6
suggesting specificity with a cytochrome isoform. Moreover, it
does not inhibit cytochrome P450 suggesting that it does not
compete with other drugs for the enzymes. The predictor showed
that RM is not a renal OCT2 substrate; thus, it cannot be
transported by the protein which is important for renal clearance
and potential contraindications. The compound was also
predicted to have no mutagenic potential based on the AMES
test and has a low toxic dose threshold in humans. It also does
not inhibit potassium channels encoded by hERG. Based on
toxicity prediction, RM can cause disruption in the normal
function of the liver and is toxic against 7. puriformis and
Flathead Minnows. This in silico ADME toxicity assessment
will be supplemented with pharmacokinetic (PK) measurements
in the future.

CONCLUSION

In summary, our study revealed promising results regarding the
efficacy of the doxorubicin (Dox) and renieramycin M (RM)
combination in slowing down breast cancer tumor progression
in a murine model. Tumor volume measurements and
histopathological analyses using hematoxylin and eosin staining
suggest that this combination treatment not only retards tumor
growth but also leads to a significant reduction in metastases,
particularly when considering quantified metastatic infiltrations
in liver tissues.

Although the use of p63 to confirm metastases as breast
carcinomas presented some challenges in quantification and
analysis, the overall trends in our data support the potential of
this drug combination for breast cancer treatment. Furthermore,
our research has unveiled an unexpected benefit: a significant
delay and decrease in clinical signs of toxicity, as demonstrated
through the monitoring of moribundity and animal death. This
observation requires further studies to elucidate the causative
factors and the underlying synergistic mechanism of action of
the combination treatment. These findings underscore the
clinical potential of the Dox and RM combination for breast
cancer treatment, offering not only enhanced therapeutic
efficacy but also a potential reduction in treatment-related
adverse effects.

This paper represents the first report of in vivo analysis of the
Dox and RM combination in breast cancer murine models,
providing valuable insights into the potential of combination
therapies. The observed synergy has biological and clinical
significance, suggesting a promising direction for future clinical
development. While additional trials and mechanistic studies are
warranted, these findings provide a promising path toward
improved therapies, offering a more effective and less toxic
approach to mitigating breast cancer. These results not only hold
promise for improved breast cancer therapies but also raise
important questions and opportunities for further research and
development of marine natural products in the quest to combat
this challenging disease.
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SUPPLEMENTARY INFORMATION

A AT1 Daily tumor measurement (caliper)
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Figure S1: Optimization of 4T1 cell number for inoculation. A) Schematic diagram of timeline of inoculation and measurement, (n = 4). B) Tumor
volume and experimental protocol from day 0 to end point day 17 of all treatment setup. The rate of tumor growth in observed palpable tumors was
determined in 100, 1000, 10000, and 100000 inoculated 4T1 cells.
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Figure S2: Daily recorded weights of mice. Mice were weighted every day at around 2 pm using a standard portable balance. No significant difference
between setups was found.

Table S1: Number of mice used in experimental setups from trial 1 and trial 2
Number of mice used

Treatment (dose) Trial 1* Trial 2°

Dox + RM (5 mg/kg + 1 mg/kg) 4
Dox + RM (5 mg/kg + 0.2 mg/kg)
Dox + RM (1 mg/kg + 1 mg/kg)
Dox + RM (1 mg/kg + 0.2 mg/kg)
Dox (5 mg/kg)

Dox (5 mg/kg)

RM (2 mg/kg)

RM (1 mg/kg)

RM (0.2 mg/kg) 4

2 1 mouse was identified as outlier per setup using IQR
b2 mice were identified as outliers per setup using IQR
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