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Abstract. Background/Aim: There is no established standard
chemotherapy after administration of the combination
endocrine plus CDK4/6 inhibitor therapy for luminal-type
breast cancer. We used patient-derived xenograft (PDX) models
to determine the antitumor activity of eribulin and capecitabine
after endocrine therapy plus CDK4/6 inhibitor. Materials and
Methods: We examined the antitumor activity of fulvestrant,
palbociclib, eribulin, and capecitabine in 4 luminal-type breast
cancer PDX models (OD-BRE-0188, -0438, -0450, -0745). In
OD-BRE-0438, we determined the antitumor activity of
chemotherapy after fulvestrant–palbociclib treatment. We also
performed immunohistochemical analysis to explore the effects
of treatment on E-cadherin in tumor tissues. Results:
Fulvestrant, fulvestrant-palbociclib and chemotherapy had
antitumor activity in the 4 PDX models. In OD-BRE-0438 (the
most resistant to fulvestrant–palbociclib), eribulin had superior
antitumor activity to capecitabine after fulvestrant plus
palbociclib. Only eribulin tended to increase E-cadherin
expression. Conclusion: Eribulin had superior antitumor
activity to capecitabine after fulvestrant–palbociclib in the ODBRE-0438 model.
Breast cancer (BC) is one of the most common cancers and
is a major cause of death in women. About 70% of all BCs
are estrogen-receptor (ER)-positive, and these patients are
treated with endocrine therapies such as selective ER
modulators (e.g. tamoxifen), selective ER degraders (e.g.
This article is freely accessible online.

Correspondence to: Yasuhiro Funahashi, Tsukuba Research
Laboratories, Eisai Co., Ltd., 5-1-3 Tokodai, Tsukuba, Ibaraki, 3002635, Japan. Tel: +81 298475615, Fax: +81 298477614, e-mail:
y-funahashi@hhc.eisai.co.jp

Key Words: CDK4/6 inhibitor, eribulin mesylate, luminal-type
breast cancer, patient-derived xenograft model, reversal of
epithelial-mesenchymal transition, preclinical trial.

fulvestrant) and aromatase inhibitors. Recently, several
clinical trials have demonstrated that adding selective cyclindependent kinase (CDK) 4/6 inhibitors, such as palbociclib,
ribociclib and abemaciclib, to endocrine therapy prolongs
progression-free survival in patients with ER-positive BC (15). These CDK4/6 inhibitors have been approved and are
widely used worldwide. Although their approval has
provided improved clinical benefits to BC patients, almost
all BC patients treated with endocrine therapy plus CDK4/6
inhibitors acquire resistance and need to be treated with
anticancer chemotherapy.
Eribulin mesylate (eribulin) is an inhibitor of microtubule
dynamics. It is a fully synthesized analogue of the natural
product halichondrin B, which derives from the marine
sponge Halichondria okadai (6, 7). Eribulin has characteristic
tubulin-binding activity; it binds to microtubule ends and
inhibits microtubule polymerization, thus causing cell-cycle
arrest and inducing apoptosis (8). A pivotal phase III study
(EMBRACE) has revealed that eribulin significantly
improves overall survival (9), and it is currently used in many
countries for late-stage, locally advanced or metastatic BC.
Eribulin has not only mitotic activity but also non-mitotic
activities such as vascular remodeling activity and reversal of
epithelial-to-mesenchymal transition (EMT) (10, 11); these
unique activities may contribute to its clinical benefits.
Since the approval of CDK4/6 inhibitors, their
combination with endocrine therapies has been chosen to
treat ER-positive BC patients in first line and subsequent
therapies. However, there is no clinical data suggesting a
standard treatment regimen against BC in patients who are
resistant to these combined therapies. Here, following
fulvestrant plus palbociclib combination treatment, we
determined the antitumor activity of eribulin and
capecitabine, which have been used in patients with ERpositive BC in the anticancer chemotherapy stages, by using
luminal-type-BC patient-derived xenograft (PDX) models
faithfully recapitulating human tumor biology (12). After
treatment with the combination of fulvestrant plus a CDK4/6
inhibitor followed by eribulin or capecitabine, E-cadherin
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expression on the cell membrane was determined by
immunohistochemical analysis, and the differences in cellmembrane E-cadherin expression in eribulin- and
capecitabine-treated tumors were analyzed. This preclinical
study adds to the preclinical evidence supporting treatment
of patients with ER-positive BC with eribulin after endocrine
therapy plus CDK4/6 inhibitors.

Materials and Methods

Compounds. Eribulin mesylate (Halaven®) was manufactured by
Eisai Co., Ltd (Tokyo, Japan). Capecitabine, fulvestrant and
palbociclib were purchased from AK Scientific (Union City, CA,
USA), AstraZeneca (Cambridge, UK) and Selleck Chemicals
(Houston, TX, USA), respectively.

Animal study. All protocols were approved by the Institutional
Animal Care and Use Committee of Eisai Co., Ltd and implemented
in accordance with the Animal Experimentation Regulations of Eisai
Co., Ltd.
The 4 PDX models (OD-BRE-0188, -0438, -0450, -0745) were
established by Oncodesign (Dijon, France) (13) and the IMODI
consortium (14). To establish the PDX models, patient-derived
tumor tissues were collected under informed consent and fresh
tumor was subcutaneously implanted into Balb/C nu/nu mice
(Charles River, Wilmington, MA, USA). After tumor development,
the mice were euthanized and each tumor was excised, collected and
cut into small fragments, which again were implanted singly into
Balb/C nu/nu mice. When each tumor had reached 500 to 1000
mm3, it was surgically excised, cut into small fragments (30 to 50
mg) and frozen in RPMI1640 medium containing 10% FCS and
10% DMSO for preservation. To induce patient-derived tumors
using established models, preserved tumor fragments were thawed
and subcutaneously implanted singly into SWISS-Nude mice
(Charles River) or NOG mice (Taconic Biosciences, Rensselaer, NY,
USA). When each tumor had reached 500 to 1500 mm3, it was
surgically excised and cut into fragments (30 to 50 mg), which were
subcutaneously implanted singly into SWISS-Nude mice (Charles
River). When the tumor had reached 100 to 200 mm3, mice were
randomized into each treatment group (2 to 4 mice per group) and
treatment with fulvestrant, palbociclib, or fulvestrant plus
palbociclib, or eribulin, or capecitabine was started (day 0) in each
of the 4 PDX models. Fulvestrant was administered subcutaneously
at 5 mg/mouse (Q7D×3; every 7 days for 3 doses), and palbociclib
was diluted with 0.9% NaCl and administered by oral gavage at 100
mg/kg (Q1D×21). Capecitabine was diluted with 5% Arabic gum/
40 mM citrate buffer (pH 6.0) and administered by oral gavage at
around the maximum tolerated dose (MTD) (250 mg/kg) (Q1D×14).
Eribulin was diluted with physiological saline solution and
intravenously injected via the tail vein on a Q4D×3 at about 1/4
MTD (0.5-0.57 mg/kg, Eri-L) and MTD (2.0-2.26 mg/kg, Eri-H) of
eribulin (for OD-BRE-0188 and OD-BRE-0745 models; 0.5 mg/kg
and 2.0 mg/kg, for OD-BRE-0450 model; 0.57 mg/kg and 2.0-2.26
mg/kg, for OD-BRE-0438 model; 0.5-0.57 mg/kg and 2.0-2.26
mg/kg). Tumor size was measured twice each week, and the length
and width of tumor was measured with caliper and tumor volume
was estimated by the formula V=(width2×length)/2. Relative tumor
volume (RTV) compared with the initial tumor volume was also
calculated.
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To evaluate the progression-free survival of mice, we conducted
Kaplan–Meier estimates of survival across the 4 PDX models.
Progression-free survival duration was defined as the number of
days t until the tumor volume reached 4 times the initial tumor
volume or dead or euthanasia because of ethical issues in
accordance with the Animal Experimentation Regulation. Events in
which the tumor did not reach 4 times the initial tumor volume
were censored during experimental period (189 days for OD-BRE0188, 154 days for OD-BRE-0438, 164 days for OD-BRE-0450,
and 222 days for OD-BRE-0745). The best overall response was
determined by comparing the tumor volume change on day t with
the baseline volume on day 0 (15). The formula ΔVolt=[(Vt –
Vinitial)/Vinitial] × 100% was used to calculate the percentage
change from baseline, and the best overall response was the
minimum value of ΔVolt for t ≥ day 21. Data on mice that were
euthanized because of ethical issues in accordance with the Animal
Experimentation Regulation before completion of 21 days of
treatment were removed from the data set.

Sequential treatments after fulvestrant plus palbociclib. To examine
the effect of sequential treatments after fulvestrant plus palbociclib
in the OD-BRE-0438 model, tumor fragments were subcutaneously
implanted singly into NOD-SCID mice (NOD.CB17-Prkdcscid/J;
Charles River). When the tumors had reached approximately 200
mm3 (day 0), mice were randomized into each treatment group to
evaluate the antitumor activity of fulvestrant, palbociclib, and
fulvestrant plus palbociclib for 14 days (6 mice per group), and
fulvestrant plus palbociclib followed by the sequential treatments
(74 mice). Fulvestrant was administered subcutaneously at 5
mg/mouse (Q7D×2), and palbociclib was diluted with 50 mM Nalactate buffer (pH 4.0) and administered by oral gavage at 100
mg/kg (Q1D×14). For immunohistochemical analysis, 14 days after
combination treatment, mice were euthanized and the tumors were
collected. To evaluate the antitumor activity of sequential
treatments, 74 mice given the 14-day fulvestrant plus palbociclib
regimen were re-randomized into each treatment group (6 mice per
group), and further treatments with fulvestrant plus palbociclib,
eribulin, or capecitabine were started (day 14). Fulvestrant was
administered subcutaneously at 5 mg/mouse (Q7D×2), and
palbociclib was diluted with 50 mM Na-lactate buffer (pH 4.0) and
administered by oral gavage at 100 mg/kg (Q1D×14). Eribulin was
diluted with physiological saline solution and intravenously injected
via the tail vein at 0.5 or 1.0 mg/kg (Q4D×3). Capecitabine was
diluted with 5% Arabic gum/ 40 mM citrate buffer (pH 6.0) and
administered by oral gavage at 125 or 250 mg/kg (Q1D×14). On
day 28 after sequential treatments for 14 days, the mice were
euthanized and the tumors were collected for immunohistochemical
analysis. Tumor size was measured twice each week, and the RTV
compared with the tumor volume on day 14 was also calculated for
the sequential treatment-period.
Quantitative RT-PCR. When PDX tumor tissues in untreated SWISSNude mice became larger than 200 mm3, tumor tissues were excised
and RNA was extracted and purified by using a Maxwell RSC
simplyRNA Tissue Kit (Promega, Madison, WI, USA). One
microgram of purified total RNA was reverse transcribed by using a
High Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific, Waltham, MA, USA). TaqMan Fast Advanced Master Mix
(Thermo Fisher Scientific) and TaqMan Gene Expression Assay
(Hs99999905_m1 for GAPDH, Hs01046816_m1 for ESR1,
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Figure 1. Subtypes of 4 luminal-type breast cancer patient-derived xenograft models. Representative immunohistochemical images show the
expression of estrogen receptor (ER), progesterone receptor (PGR), human epithelial growth factor receptor 2 (Her2) and Ki67. Magnification,
×100.

Hs01556702_m1 for progesterone receptor (PGR), Hs01001580_m1
for ERBB2, Hs01032443_m1 for MKI67, Hs01023895_m1 for
CDH1, Hs00983056_m1 for CDH2, Hs00958111_m1 for VIM,
Hs00232783_m1 for ZEB1; Thermo Fisher Scientific) were used for
quantitative RT-PCR, which was performed on a QuantStudio 7
system (Thermo Fisher Scientific). Ct values for each sample were
measured in duplicate and mean Ct values were used for analysis.
Changes in gene expression were assessed by comparing the deltadelta Ct values for each sample, with GAPDH as a housekeeping
gene.

RNA sequencing (RNA-Seq). Using tumor tissues collected from
untreated mice (n=4) embedded in O.C.T. compound, sections were
sliced at 10 μm thickness using a cryostat and RNA was purified
using a Maxwell RSC simplyRNA Tissue Kit (Promega).
Sequencing libraries were generated using SureSelect StrandSpecific RNA Library Prep (Agilent Technologies, Santa Clara, CA,
USA). Paired-end sequencing of 2×150 bp was conducted with an
Illumina NextSeq 500 system (Illumina, San Diego, CA, USA).
Experiments were conducted in accordance with the manufacturer’s
instructions. FASTQ files for each sample converted from the
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Illumina BCL files were entered into FastQC (16) for quality
assessment. Sequencing data were processed by using Trimmomatic
(v0.36) (17) to remove all Illumina adaptor sequences and bases
with low quality scores. Filtered reads were mapped to the human
genome (GRCh38) and the mouse genome (mm10) using STAR
(v2.5.2b) (18). Gene expression levels were estimated in transcripts
per million (TPM) for all samples using RSEM (v1.2.31) (19). For
molecular characterization of the PDX models, subtype marker
genes of BC (ESR1, PGR, ERBB2 and MKI67) were selected to
confirm the gene expression profiles in OD-BRE-0438 model.

Immunohistochemical analysis. For subtype analysis of the
established 4 PDX models, tumors were fixed in 10% formalin and
embedded in paraffin. Immunohistochemical analysis was
performed using the automatic VENTANA BenchMark XT system
(Ventana Medical Systems, Oro Valley, AZ, USA). After a first step
of deparaffinization and rehydration, tissue sections were incubated
in Cell Conditioning Solution (CC1, Ventana Medical Systems) for
antigen unmasking. Anti-HER2/neu (clone 4B5) rabbit monoclonal
primary antibody (Ventana Medical Systems, 6 μg/ml final), antiKi-67 (clone MIB-1) mouse monoclonal primary antibody (Agilent
Technologies, Santa Clara, CA, USA, dilution 1/50), anti-estrogen
receptor (clone SP1) rabbit monoclonal primary antibody (Ventana
Medical Systems, 1 μg/ml final), and anti-progesterone receptor
(clone 1E2) rabbit monoclonal primary antibody (Ventana Medical
Systems, 1 μg/ml final) were used for immunohistochemical
analysis. After a washing step, counterstaining with hematoxylin
was performed. Finally, dehydration and stabilization of section

with mounting medium was performed before the quantification of
specific antigen using microscope (magnification ×100).
For immunohistochemical analysis of treated tumors, they were
fixed in 10% formalin and embedded in paraffin. For ER staining,
tissue sections were deparaffinized and treated with Dako REAL
Target Retrieval Solution (pH 6.0; Agilent Technologies) for 20 min
at 98˚C. After endogenous peroxidase activity had been blocked by
the addition of 3% hydrogen peroxide for 10 min, samples were
stained with anti-estrogen-receptor-alpha antibody (clone SP1,
ABCAM, Cambridge, UK). SignalStain Boost IHC Detection
Reagent (HRP, Rabbit; Cell Signaling Technologies, Danvers, MA,
USA) was used as a secondary antibody; it was detected with
diaminobenzidine and then counterstained with hematoxylin.
Stained samples were scanned with an Aperio ScanScope XT
system (Leica Biosystems, Wetzlar, Germany), and the whole tissue
was analyzed by using the HALO image analysis platform (Indica
Labs, Albuquerque, NM, USA) to quantify ER expression in tumor
cells. First, cells in whole tissue were classified to select tumor
cells. Expression levels of ER were classified as high (3+),
moderate (2+), low (1+) or negative (0+), and the tumor cell number
and percentage at each expression level were calculated. H-scores
were determined by using the formula: H-score = 3 × (% of 3+
cells) + 2 × (% of 2+ cells) + 1 × (% of 1+ cells).
For E-cadherin staining, tissue sections were deparaffinized and
treated with an immunohistochemical antigen retrieval reagent
(EDTA, pH 8.0; Enzo Life Sciences, Farmingdale, NY, USA) for 5
min at 121˚C. After endogenous peroxidase activity had been
blocked by the addition of 3% hydrogen peroxide for 20 min,

Figure 2. Continued
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Figure 2. Antitumor activity of CDK4/6 inhibitor, endocrine therapy and chemotherapy in 4 luminal-type breast cancer patient-derived xenograft
(PDX) models. PDX tumor-bearing mice were randomized into each treatment group (n=2 to 4 per group), and treated with 5 mg/mouse fulvestrant
(Flv; purple) on a Q7D×3; 100 mg/kg palbociclib (Palb; green) on a Q1D×21; a combination of Flv plus Palb (orange); 0.5-0.57 mg/kg of eribulin
(Eri-L; pink), and 2.0-2.26 mg/kg of eribulin (Eri-H; red) on a Q4D×3; or 250 mg/kg capecitabine (Cape; blue) on a Q1D×14. Untreated control
is shown in black. The same control group data are shown in the upper (CDK4/6 inhibitor and endocrine therapy) and lower (chemotherapy) panels.
(A) Relative tumor volumes are shown for days after treatment initiation. Minimum relative tumor volumes (RTVs) for individual mice, which were
lower than 0.01 are shown as 0.01. (B) Survival of mice. Kaplan–Meier estimates of mouse survival combined across the 4 PDX models are shown
(n=8 to 12 per treatment group). Mouse survival was defined as the number of days t until the tumor volume reached four times the initial tumor
volume. Differences in survival were examined by using the log-rank (Mantel–Cox) test. *p<0.05 vs. Control by log-rank test. #p<0.05 vs. Cape by
log-rank test. (C) Waterfall plots. The best overall response as percentages from baseline across the 4 PDX models are shown. The best overall
response was determined by comparing the tumor volume change at day t with the baseline tumor volume at day 0 for t≥21 (after end of treatment
period). Maximum values of best percentage change from baseline are shown as 200%. Best percentage changes from baseline that exceeded 200%
are represented as 200%. The same control data are used in the left (CDK4/6 inhibitor and endocrine therapy) and right (chemotherapy) panels.

samples were stained with anti-E-cadherin antibody (clone 24E10,
Cell Signaling Technologies). Histofine Simple Stain MAX PO (R)
(Nichirei Biosciences, Tokyo, Japan) was used as a secondary
antibody; it was detected with diaminobenzidine and then
counterstained with hematoxylin. Quantification of E-cadherin
expression on membranes was conducted by GeneticLab (Sapporo,
Japan). Stained samples were scanned with a ScanScope AT Turbo
(Leica Biosystems), and the whole tissue was analyzed by the
Aperio GENIE histomorphology image analysis tool (Leica
Biosystems) to remove stromal cells and select only tumor cells for
subsequent analysis. After classification of tumor cells, E-cadherin
expression on the membranes of tumor cells was quantified by using
Aperio Membrane Algorithm v9 (Leica Biosystems) and classified

into expression levels of high (3+), moderate (2+), low (1+) and
negative (0+), and the cell numbers and the percentage of each
expression-level population in tumor cells were calculated. H-scores
were determined by using the formula described above.

Statistical analyses. Statistical analyses were performed with
GraphPad Prism v8.3.1 software (GraphPad Prism Software, Inc.,
San Diego, CA, USA). An unpaired t-test, one-way ANOVA with
Dunnett’s multiple comparisons test and two-way ANOVA with
Sidak’s multiple comparisons test were performed to confirm
statistical significance. Differences in survival were examined by
using a log-rank (Mantel–Cox) test. p-Values <0.05 were considered
statistically significant.
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Table I. RNA-Seq analysis of gene expression levels in the OD-BRE-0438 model.
Gene

TPM
SEM

ESR1

246.9
19.3

PGR

11.8
3.0

ERBB2
42.3
1.2

TPM: Transcripts per million; SEM: standard error of the mean.

Results

MKI67
41.1
3.1

Antitumor activity of endocrine therapy, CDK4/6 inhibitor,
and chemotherapy in 4 luminal-type BC PDX models. We
first determined the antitumor activity in 4 established
luminal-type BC PDX models, consisting of one luminal Atype model (OD-BRE-0188) and three luminal B-type
models (OD-BRE-0438, OD-BRE-0450 and OD-BRE-0745).
The subtypes of these BCs were confirmed by
immunohistochemical staining for ER, PGR, human
epithelial growth factor receptor 2 (Her2) and Ki67 (Figure
1). We examined the antitumor activity of fulvestrant and
palbociclib monotherapies, and of fulvestrant plus
palbociclib combination therapy, in these 4 PDX models
(Figure 2A upper panels, Figure 2B left panel, Figure 2C left
panel). Fulvestrant clearly inhibited in vivo tumor growth in
3 of the 4 PDX models examined, and there were some mice
in the OD-BRE-0188 and -0745 models in which the tumors
shrank. The OD-BRE-0438 model seemed to be resistant to
fulvestrant. Palbociclib had antitumor activity in 2 out of the
4 PDX models by slowing tumor growth. Fulvestrant plus
palbociclib combination therapy showed clear antitumor
activity in all 4 PDX models and resulted in tumor shrinkage
in OD-BRE-0188 and OD-BRE-0745 models. Among the
endocrine-based therapies, fulvestrant plus palbociclib
combination therapy gave the most robust survival, followed
by fulvestrant; these survival rates were significantly greater
than in the controls (Figure 2B left panel, Flv vs. Control:
p=0.0063, Flv+Palb vs. Control: p=0.0003). In separate
studies, eribulin was intravenously injected via the tail vein
at 2.0 mg/kg (Q4D×3), and capecitabine was administered
by oral gavage at 500 mg/kg (Q1D×14). In this experiment,
one mouse treated with capecitabine at 500 mg/kg showed a
remarkable reduction in body weight (data not shown). Thus,
this dose was judged to be intolerable and we determined
that the maximum tolerated dose (MTD) of eribulin under a
Q4D×3 was about 2.0 mg/kg and that of capecitabine under
a Q1D×14 was about 250 mg/kg in this model. In our
analysis of the antitumor activity of chemotherapy in the 4
PDX models, capecitabine at MTD (250 mg/kg) showed
clear antitumor activity against 3 of the 4 PDX models, the
exception being OD-BRE-0188. Eribulin at either dose (1/4
MTD of Eri (Eri-L) or MTD of Eri (Eri-H)) had antitumor
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CDH1

330.2
25.2

CDH2
0.8
0.2

VIM

196.4
28.2

ZEB1
0.1
0.1

activity in all 4 models (Figure 2A lower panels). However,
treatment with capecitabine resulted in tumor shrinkage only
in the OD-BRE-0438 model, whereas eribulin treatment at
either dose resulted in tumor regression in all 4 models
(Figure 2A lower panels). Compared with the controls,
eribulin and capecitabine both significantly promoted
survival in all 4 PDX models (Figure 2B right panel, Eri-L
vs. Control: p=0.0001, Eri-H vs. Control: p=0.0004, Cape vs.
Control: p=0.035), and eribulin at either doses gave
significantly superior survival compared to capecitabine (EriL vs. Cape: p=0.0229, Eri-H vs. Cape: p=0.0093). A waterfall
plot describing the best overall response percentage from
baseline across the 4 PDX models also demonstrated that
fulvestrant plus palbociclib combination had most robust
tumor response in endocrine-based therapy (Figure 2C left
panel), and eribulin at either dose gave a tumor response
superior to that given by capecitabine (Figure 2C right
panel). These results suggested that eribulin had more potent
antitumor activity than capecitabine in the 4 luminal-type BC
PDX models.

Molecular characterization of the 4 luminal-type BC PDX
models. The sensitivity of the OD-BRE-0438 model to the
fulvestrant plus palbociclib combination was the most
modest among the 4 PDX models (Figure 2A upper panels),
suggesting that this model was relatively resistant to
fulvestrant–palbociclib combination therapy. In contrast, the
OD-BRE-0438 model was the most sensitive to both eribulin
and capecitabine. We conducted an RNA-Seq analysis in the
OD-BRE-0438 model to characterize the molecular profiles
of this model and evaluate the mRNA expression levels of
the hormone receptors ESR1, PGR and ERBB2, the
proliferation marker MKI67 and the EMT markers CDH1,
CDH2, VIM and ZEB1 (Table I). Representative EMT
marker genes (CDH1, CDH2, VIM and ZEB1) were selected
for molecular characterization of the PDX model, because
eribulin reverses EMT activity (11). We plotted the levels of
expression of these genes in each model relative to the ODBRE-0438 model (Figure 3). All 4 PDX models expressed
ESR1, and OD-BRE-0188 expressed high levels of PGR.
Among the EMT marker genes, CDH1 expression was
detected in three luminal B-type models OD-BRE-0438, ODBRE-0450 and OD-BRE-0745 but not in the OD-BRE-0188
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Figure 3. Molecular profiles of the 4 luminal-type breast-cancer patient-derived xenograft (PDX) models. RNA was extracted and purified from
resected tumor tissues from untreated mice (n=1 per model). After synthesis of cDNA, quantitative RT-PCR was performed, and mRNA expression
levels of genes relative to ones in the OD-BRE-0438 model were calculated. Ct values for each sample were measured in duplicate and mean Ct
values were used for analysis. nd: Not detected.

model (Figure 3). Furthermore, OD-BRE-0438 expressed
characteristically high levels of VIM (Table I and Figure 3).
Although the relative expression levels of CDH2 and ZEB1
were lower in the OD-BRE-0438 model than in the other
models (Figure 3), their expression levels were quite low in
OD-BRE-0438 (Table I), and these differences may not be
meaningful. Based on the sensitivities to drug treatments and
the molecular profiles of the PDX models (low CDH1 and
high VIM expression), we selected the OD-BRE-0438 model
for further analysis of the antitumor activities of eribulin and
capecitabine after fulvestrant plus palbociclib therapy.

Evaluation of the antitumor activity of chemotherapy in the
OD-BRE-0438 model after fulvestrant plus palbociclib
therapy. In the OD-BRE-0438 model, we compared the
antitumor activity of fulvestrant, palbociclib, and fulvestrant
plus palbociclib combination therapy for 2 weeks (day 0-day
13) with the control (no treatment), and that for 4 weeks
compared with the 2nd control (day 0-day 13 with fulvestrant
plus palbociclib, and day 14-day 27 with no-treatment) (Figure

4A to C). In the first experiment, we treated mice with
fulvestrant, palbociclib, or fulvestrant plus palbociclib for 2
weeks. In the second experiment, after 2 weeks of treatment
with the fulvestrant plus palbociclib combination, mice were
divided into two groups. One group continued to receive
treatment with fulvestrant plus palbociclib and the other group
received no further treatment (Figure 4A). In the first
experiment, treatments for 2 weeks with fulvestrant,
palbociclib, or fulvestrant plus palbociclib had significant
antitumor activity compared to controls (Figure 4B, Flv vs.
Control: p=0.0031, Palb vs. Control: p<0.0001, Flv+Palb vs.
Control: p<0.0001), and only treatments with fulvestrant plus
palbociclib led to tumor dormancy (Figure 4B). In the second
experiment, treatments with fulvestrant plus palbociclib kept
tumor dormancy, but no tumor shrinkages were observed.
However, in the group that received no further treatment from
days 14 to 28, the tumors started to grow again (Figure 4C).
Immunohistological analysis using anti-ER antibody
demonstrated that 2 weeks of treatment with fulvestrant plus
palbociclib significantly decreased ER expression compared
6705
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Figure 4. Continued

with the controls in the first experiment. In the second
experiment, ER expression was restored in the non-treated
group as we expected with the washout of drugs. However,
despite of continued treatment with fulvestrant plus palbociclib,
ER expression was restored after the 2 weeks of combination
treatments compared with the decreased ER expression after the
first 2-weeks combination treatment (Figure 4D and E), even
though the antitumor activity of fulvestrant plus palbociclib was
maintained. These results suggest that the resistance of ODBRE-0438 tumors to fulvestrant plus palbociclib developed
during the 4 weeks of treatment.
We also performed immunohistochemical staining to
qualitatively and quantitatively evaluate E-cadherin expression
on the membranes of tumor cells (Figure 4F and G). Two weeks
of treatment with fulvestrant plus palbociclib significantly
increased E-cadherin expression on cell membranes compared
with that in the controls (Figure 4G). This increased expression
of E-cadherin did not change further with fulvestrant plus
palbociclib treatment, and interestingly in the absence of further
treatment for an additional 2 weeks, those changes were
maintained (Figure 4G).
Based on these observations, we next administered
sequential treatments with fulvestrant plus palbociclib for 2
weeks, followed by either eribulin or capecitabine for a further
2 weeks to determine the antitumor activity of chemotherapy
after CDK4/6 inhibitor plus endocrine therapy. The
6706

experimental design of these sequential treatments is shown in
Figure 5A. After 2 week-treatments with fulvestrant plus
palbociclib, treated mice were divided into 4 groups in the ODBRE-0438 model. We switched fulvestrant plus palbociclib to
either eribulin (0.5 or 1.0 mg/kg) or capecitabine (125 or 250
mg/kg), which was then given for an additional 2 weeks
(Figure 5A). Treatment with either of these drugs from days 14
to 28 resulted in tumor regression without body weight loss
(Figure 5B). Furthermore, we found that eribulin had
significantly stronger antitumor activity than capecitabine at
both the lower and the higher doses of each (Figure 5C).
Next, we explored the effects of eribulin or capecitabine on
the expression of ER and E-cadherin. The expression levels of
ER following eribulin or capecitabine treatment (at either the
lower or the higher doses) after fulvestrant plus palbociclib did
not differ (Figure 5D and E). Next, we performed immunohistochemical staining using anti-E-cadherin antibody to
evaluate the effects of eribulin or capecitabine on E-cadherin
expression on the cell membranes in the OD-BRE-0438 model
(Figure 5F). At both the lower and higher doses of the two
drugs, membrane E-cadherin expression was significantly
higher in eribulin-treated tumors than that in capecitabinetreated tumors (Figure 5G, Eri 0.5 mg/kg vs. Cape 125 mg/kg:
p=0.0213, Eri 1.0 mg/kg vs. Cape 250 mg/kg: p=0.0002). Thus,
we clearly demonstrated the difference between eribulin and
capecitabine for E-cadherin expression on the membrane.
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Figure 4. Antitumor activity of endocrine therapy plus CDK4/6 inhibitor combination treatment in the OD-BRE-0438 model. (A) Scheme of treatment
with fulvestrant (Flv), palbociclib (Palb), or Flv plus Palb in the 1st and 2nd experiments. (B) Antitumor activity of Flv, Palb, or Flv plus Palb combined
for an initial 2 weeks, days 0 and 14 (1st experiment). OD-BRE-0438 tumor-bearing mice were treated with Flv (purple, 5 mg/mouse, Q7D×2), palbociclib
(green, 100 mg/kg, Q1D×14), or their combination (orange). Untreated control is shown in black. n=6 per group. Data shown are means+SEM. *p<0.05
vs. control by repeated measures Dunnett’s multiple comparisons test using log-transformed values. (C) Antitumor activity of Flv plus Palb for 2 weeks,
days 14 and 28 (2nd experiment). Mice treated with Flv plus Palb for 2 weeks were randomized into two groups (n=6 per group). One group continued
treatment with Flv plus Palb (Flv+Palb→Flv+Palb, orange) and the other group received no further treatment (Flv+Palb→no treat, black). Data shown
are means+SEM. (D–G) Tumor samples were collected on day 14 (untreated (control) or Flv+Palb) or on day 28 (Flv+Palb→Flv+Palb or Flv+Palb→no
treat). Representative immunohistochemical images of estrogen receptor (ER) (D) and E-cadherin (F) expression, and quantification of ER in tumor cells
(E) and E-cadherin on cell membranes of tumor cells (G). ER expression in tumor cells (E) or E-cadherin expression on membranes of tumor cells (G)
was classified into levels that were high (3+), moderate (2+), low (1+) or negative (0+) and H-scores were calculated. n=6 per group. Data shown are
means±SEM. *p<0.05 vs. Control by Dunnett’s multiple comparisons test. #p<0.05 vs. Flv+Palb by Dunnett’s multiple comparisons test.

Discussion

Here, we showed the antitumor activity of endocrine therapy,
CDK4/6 inhibitor, and chemotherapy in 4 luminal-type BC
PDX models. In treatment-naïve mice, chemotherapy with

eribulin caused tumor regression and had superior antitumor
activity to capecitabine in the 4 PDX models (Figure 2). In
the OD-BRE-0438 PDX model, which was relatively
resistant to endocrine therapy, eribulin after endocrine
therapy plus a CDK4/6 inhibitor had superior antitumor
6707
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Figure 5. Continued

activity to capecitabine, as well as greater activity to increase
E-cadherin expression.
With endocrine and CDK4/6 therapy in the 4 luminal-type
PDX models, we demonstrated that fulvestrant plus
palbociclib gave the most robust survival, followed by
fulvestrant (Figure 2B). Clinically, CDK4/6 inhibitors are
approved for use in addition to endocrine therapy, because
CDK4/6 monotherapy has limited activity. In our 4 PDX
models, we also observed that palbociclib monotherapy had
limited antitumor activity, whereas fulvestrant plus
palbociclib had improved antitumor activity compared with
monotherapy (Figure 2), suggesting that these PDX models
partly reflect the clinical phenotypes of luminal-type BC.
In the OD-BRE-0438 model under treatment-naïve
conditions, the antitumor activities of eribulin and
capecitabine were similar (Figure 2A). After fulvestrant plus
palbociclib treatments, the antitumor activity of eribulin
might not have been influenced by the prior CDK4/6 inhibitor
treatment. But that of capecitabine seemed to have been
attenuated, and eribulin had superior antitumor activity
(Figure 5B and C). In this study, we used 250 mg/kg as MTD
6708

of capecitabine in this model because remarkable body
weight loss was observed in one mouse treated with 500
mg/kg capecitabine and this dose was judged to be intolerable
in this model (data not shown). However, generally 500
mg/kg capecitabine has been used as MTD in preclinical
study (13). Thus, we used 1.0 mg/kg eribulin, which is half
of MTD, as the higher dose for comparison with 250 mg/kg
capecitabine and demonstrated superior antitumor activity of
eribulin compared with capecitabine (Figure 5B and C).
Recently, real-world data on the clinical outcomes of therapy
with eribulin after CDK4/6 inhibitors has been reported (20).
In that report, although longer term follow-up data are
required for confirmation, the objective response rate (ORR)
of patients with prior CDK4/6 inhibitor therapy who received
eribulin treatment as per the US label was more than double
the ORR in a pivotal phase III study of eribulin, and rates of
selected adverse events did not exceed those observed in the
EMBRACE trial (20). The results in that report were
consistent with those in this preclinical study. Our preclinical
results, together with real world data, might provide
important preclinical and clinical evidence for eribulin
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Figure 5. Antitumor activity of chemotherapy after endocrine therapy plus CDK4/6 inhibitor combination treatment in the OD-BRE-0438 model.
(A) Scheme of sequential treatment with eribulin (Eri) and capecitabine (Cape) after fulvestrant (Flv) plus palbociclib (Palb) treatment. Flv plus
Palb combination therapy was conducted for 2 weeks between days 0 and 14, and mice treated with Flv plus Palb for 2 weeks were randomized
into two groups (n=6 per group, day 14) and treated with either Eri or Cape for an additional 2 weeks. (B) Antitumor activity of Eri and Cape
after Flv plus Palb combination treatment. Relative tumor volume (upper) and relative body weight (lower) compared with tumor volume and body
weight on day 14 (after Flv+Palb therapy for 14 days and before chemotherapy treatments) from days 14 to 28 (chemotherapy period) are shown.
Data shown are means+SEM. (C) Comparison of antitumor activity of Eri and Cape (day 28). Data shown are means±SEM. Statistical analysis
was conducted by unpaired t-test using log-transformed values. (D-G) Tumor samples were collected on day 28 (initial 2 weeks of treatment with
Flv plus Palb, followed by an additional 2 weeks of treatment with Eri or Cape, each at two doses. Representative immunohistochemical images of
estrogen receptor (ER) (D) and E-cadherin (F) expression, and quantification of ER in tumor cells (E) and E-cadherin on cell membranes of tumor
cells (G). ER expression in tumor cells (E) or E-cadherin expression on membranes of tumor cells (G) was classified into levels of high (3+),
moderate (2+), low (1+) and negative (0+) and H-scores were calculated. n=6 per group. Data shown are means±SEM. Dotted lines in graphs
indicate mean H-scores of Flv+Palb (day 14). *p<0.05 by two-way ANOVA with Sidak’s multiple comparisons test.

treatment of patients with ER-positive BC who are resistant
to endocrine therapy plus CDK4/6 inhibitors.
We conducted animal experiments to evaluate the
antitumor activity of chemotherapy after 2 weeks of
fulvestrant plus palbociclib treatments. Immunohistochemical
analysis of ER expression in the OD-BRE-0438 model
showed that 2 weeks of treatment with fulvestrant plus
palbociclib suppressed ER expression, but an additional 2
weeks of treatment with the same combination did not
maintain this effect on ER expression, and ER expression

increased (Figure 4D and E). This suggests that resistance to
fulvestrant plus palbociclib in this model occurred after 2 to
4 weeks of treatment. We also confirmed that treatment with
fulvestrant plus palbociclib induced an increase in E-cadherin
expression on the tumor cell membrane, and these effects of
the combination treatment on E-cadherin were maintained for
4 weeks, even when the combination therapy was stopped at
2 weeks (Figure 4F and G). Previous reports have
demonstrated that CDK4/6 inhibitors downregulate the EMT
process (21-24). Mechanistically, the CDK4/6-DUB36709
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SNAIL1 and the CDK4/6-USP51-ZEB1 axis have been
reported to induce EMT (22, 24). However, OD-BRE-0438
tumors poorly express SNAIL1 (TPM=1.3 by RNA-Seq) and
ZEB1 (Table I) at baseline levels. Therefore, the increased
expression of E-cadherin on the tumor cell membrane in
response to fulvestrant plus palbociclib in the OD-BRE-0438
model might be independent of these reported pathways.
In this study, we demonstrated that eribulin-treated tumors
express significantly higher levels of E-cadherin on the cell
membrane compared with capecitabine-treated tumors after
fulvestrant plus palbociclib (Figure 5G). In addition, cell
membrane E-cadherin expression in tumors treated with
capecitabine after fulvestrant plus palbociclib was significantly
lower than that in non-treated tumors for 14 days after
fulvestrant plus palbociclib (Cape 250 mg/kg in Figure 5G vs.
Flv+Palb→no treat in Figure 4G, mean H-score±SEM:
136.3±10.5 vs. 176.0±8.0, p=0.0133 by unpaired t-test).
However, E-cadherin expression on the cell membranes of
tumors treated with 1.0 mg/kg eribulin (Figure 5G) was
significantly greater than that in the non-treated tumors for 14
days after fulvestrant plus palbociclib (Eri 1.0 mg/kg in Figure
5G vs. Flv+Palb→no treat in Figure 4G, mean H-score±SEM:
206.3±7.1 vs. 176.0±8.0, p=0.0177 by unpaired t-test).
Furthermore, it was also significantly higher than that with
fulvestrant plus palbociclib for a full of 28 days (Eri 1.0 mg/kg
in Figure 5G vs. Flv+Palb→Flv+Palb in Figure 4G, mean Hscore±SEM: 206.3±7.1 vs. 167.5±7.1, p=0.0032 by unpaired
t-test), suggesting that treatment with eribulin appeared to
increase E-cadherin expression on the cell membranes in the
OD-BRE-0438 model compared with even fulvestrant plus
palbociclib therapy. These results suggested that capecitabine
treatment might induce EMT, demonstrating in this regard a
clear difference from eribulin. Eribulin reversed EMT activity
in tumor tissues after fulvestrant plus palbociclib therapy in
the OD-BRE-0438 model, but capecitabine had the opposite
activity. We found that capecitabine treatment decreased Ecadherin expression on the tumor cell membrane, which was
increased after fulvestrant plus palbociclib treatments for 2
weeks, in the OD-BRE-0438 model (Figure 5G), suggesting
that EMT was induced by capecitabine treatment. Resistance
to fluorouracil – an active metabolite of capecitabine – is
associated with a decrease in E-cadherin expression and an
increase in the expression of mesenchymal markers in vitro
(25, 26). S-1, an oral fluorouracil prodrug, has also been
shown to decrease E-cadherin expression and increases
vimentin expression in an in vivo xenograft model (26); this
is consistent with our results. However, after fulvestrant plus
palbociclib, eribulin induced E-cadherin expression on the cell
membranes of OD-BRE-0438 tumors. Previous in vitro studies
have shown that eribulin treatment increased E-cadherin
expression and decreased N-cadherin and vimentin expression
at the mRNA and protein levels (11, 27). Furthermore, in an
MX-1 BC in vivo xenograft model, reversal of EMT activity
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by eribulin has been confirmed (11). In clinical samples, a
significant increase in E-cadherin expression has been
observed in eribulin responders (28). Thus, reversal of EMT
activity by eribulin has been demonstrated not only in
preclinical experiments, but also in cancer patients. It is
believed that the EMT process might be related to cancer
aggressiveness and metastasis (29-31). Moreover, involvement
of EMT in drug resistance has been reported, and inhibition
of EMT reverses drug resistance (32-34). Therefore, in
considering E-cadherin expression status, it would be
interesting to investigate whether, after initial endocrine-based
therapy, the tumor profiles after eribulin treatment are more
favorable to cancer patients than those after capecitabine. In
addition, the molecular mechanisms of regulation of Ecadherin by eribulin are unknown, and further studies are
required to reveal them.
In conclusion, we demonstrated the antitumor activity of
eribulin and capecitabine after fulvestrant plus palbociclib
therapy in luminal-type BC PDX models, and we showed that
eribulin had significantly greater activity than capecitabine in
the luminal-type BC PDX OD-BRE-0438 model. Furthermore,
eribulin increased E-cadherin expression on the tumor cell
membrane, whereas capecitabine decreased it relative to
eribulin, demonstrating that eribulin given after endocrine
therapy might promote a favorable tumor microenvironment.
Our findings provide preclinical evidence for the eribulin
treatment of luminal-type BC in patients who are resistant to
endocrine therapy plus CDK4/6 inhibitors.
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