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Abstract
Background: Eribulin mesylate is a synthetic macrocyclic ketone analog of the marine sponge natural product
halichondrin B. Eribulin is a tubulin-binding drug and approved in many countries worldwide for treatment of
certain patients with advanced breast cancer. Here we investigated antiproliferative and antiangiogenic effects of
eribulin on vascular cells, human umbilical vein endothelial cells (HUVECs) and human brain vascular pericytes
(HBVPs), in vitro in comparison with another tubulin-binding drug, paclitaxel.
Methods: HUVECs and HBVPs were treated with either eribulin or paclitaxel and their antiproliferative effects were
evaluated. Global gene expression profiling changes caused by drug treatments were studied using Affymetrix
microarray platform and custom TaqMan Low Density Cards. To examine effects of the drugs on pericyte-driven
in vitro angiogenesis, we compared lengths of capillary networks in co-cultures of HUVECs with HBVPs.
Results: Both eribulin and paclitaxel showed potent activities in in vitro proliferation of HUVECs and HBVPs, with
the half-maximal inhibitory concentrations (IC50) in low- to sub-nmol/L concentrations. When gene expression
changes were assessed in HUVECs, the majority of affected genes overlapped for both treatments (59%), while in
HBVPs, altered gene signatures were drug-dependent and the overlap was limited to just 12%. In HBVPs, eribulin
selectively affected 11 pathways (p < 0.01) such as Cell Cycle Control of Chromosomal Replication. In contrast,
paclitaxel was tended to regulate 27 pathways such as PI3K/AKT. Only 5 pathways were commonly affected by
both treatments. In in vitro pericyte-driven angiogenesis model, paclitaxel showed limited activity while eribulin
shortened the formed capillary networks of HUVECs driven by HBVPs at low nmol/L concentrations starting at day
3 after treatments.
Conclusions: Our findings suggest that pericytes, but not endothelial cells, responded differently, to two
mechanistically-distinct tubulin-binding drugs, eribulin and paclitaxel. While eribulin and paclitaxel induced similar
changes in gene expression in endothelial cells, in pericytes their altered gene expression was unique and
drug-specific. In the functional endothelial-pericyte co-culture assay, eribulin, but not paclitaxel showed strong
efficacy not only as a cytotoxic drug but also as a potent antivascular agent that affected pericyte-driven in vitro
angiogenesis.
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Background
Formation and maintenance of new vascular vessels supporting tumor growth is a process which involves complex
communications among different cell types. Interactions
between endothelial cells and supporting pericytes and
vascular smooth muscle cells lead to active remodeling
during angiogenesis [1,2]. It is now well established that
pericytes participate in angiogenic signal transduction and
direct control of endothelial cell proliferation and thus
play an important role in vascular morphogenesis and
function [3]. Paracrine pericyte-endothelial interactions
through VEGF, PDGF, and angiopoitin signaling promote
tumor angiogenesis, pericyte recruitment and pericyte
coverage of tumor vessels [4-7]. It is also known that pericytes shield endothelial cells from apoptotic signals [8]. As
such, pericytes, in conjunction with endothelial cells,
present a logical target for antiangiogenic therapeutic
strategies.
Several approaches are currently employed to target
tumor angiogenesis. Inhibition of VEGF signaling by specific antibodies or small molecule agents directed against
VEGFR2 tyrosine kinase has been shown to inhibit formation and outgrowth of new blood vessels and several
angiogenesis inhibitors have been used as anticancer therapy in patients [9]. In addition to inhibition of angiogenesis, recent studies showed that pharmacological VEGF
inhibition, especially with anti-VEGF antibody, normalizes
vessel structure and function through pericyte recruitment
to disorganized tumor vessels [10,11]. Since normalization
of tumor vasculature improves their perfusion and oxygenation, cytotoxic drugs were given in combination with
anti-VEGF antibody causing the best response to radiation
or cytotoxic therapy [12]. On the other hand, roles of pericytes in resistance to antiangiogenesis therapy have
emerged, since most of cancer patients acquire resistance
and become refractory to anti-VEGF therapy [13].
Another approach which is used to selectively target abnormal tumor vasculature is to apply agents which show
vascular-disrupting activity to already formed blood vessels.
Tumor vascular disrupting agents (VDA) cause selective induction of apoptosis in endothelial cells and induce vascular damage in already formed tumors [14]. Several specific
VDAs are now undergoing clinical evaluation [15], although no VDA has been approved for cancer therapy.
Tubulin-binding agents were known to show antivascular effects represent both antiangiogenesis and vascular disrupting activity, which were well reported for
paclitaxel and combrestatin analogs, respectively [16,17].
It is apparent that microtubules play an important role
in angiogenesis and maintenance and stability of tumor
vessels. Eribulin mesylate (eribulin), a non-taxane inhibitor of microtubule dynamics, belongs to the halichondrin class of antineoplastic drugs [18]. Eribulin’s novel
mode of inhibiting microtubule dynamics differs from
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most other tubulin-targeting agents, and involves inhibition of the microtubule growth phase without affecting
the shortening phase, together with sequestration of tubulin into non-productive aggregates [19]. This results in
blockage of normal mitotic spindle formation, irreversible
mitotic block and cell death by apoptosis [18,20,21]. At
the biochemical level, eribulin achieves these results by
specifically binding with high affinity to a small number of
sites on the plus ends of microtubules [22].
In this paper we examined effects of eribulin on
HUVECs and HBVPs in vitro. We analyzed effects of eribulin on global gene expression in HUVECs and HBVPs
in a comparison with paclitaxel, which is a stabilizer of
microtubule dynamics and has a distinct mechanism from
eribulin. We determined effects of these two drugs on cell
proliferation in mono-cultures of HUVECs and HBVPs,
and employed a newly developed capillary network formation assay, in which HBVPs co-cultured with HUVECs to
promote network formation, in order to assess antivascular activities of both drugs in the context of physiologically
relevant cell-cell interactions.

Materials and methods
Cell cultures and compounds

Primary human umbilical vein endothelial cells (HUVECs)
were either purchased from Lonza (Walkersville, MD) or
isolated from a single umbilical cord by a method described previously [23] and maintained in endothelial cell
growth medium EGM-2 supplemented with EGM-2
SingleQuots except for hydrocortisone (Lonza,). Human
brain vascular pericytes (HBVPs) were obtained from
ScienCell Research Laboratories (Carlsbad, CA), and were
grown in Pericyte Medium (ScienCell). To confirm their
authenticity, cultured HBVPs were examined for expression levels of 6 key pericyte markers grown on plastic
(Additional file 1). Both HUVECs and HBVPs were grown
on collagen type I-coated plastic ware. For cell proliferation and gene expression experiments, cells were used at
<5 passages.
Green fluorescent protein (AcGFP)-expressing HUVECs
were established by infection with a retrovirus for gene
transfer of AcGFP followed by collecting high level
AcGFP-expressing HUVECs by fluorescence activated cell
sorting. Cells were maintained at 37°C in a humidified atmosphere containing 5% CO2.
Paclitaxel was purchased from Sigma-Aldrich (Saint
Louis, MO) and Wako Pure Chemical (Osaka, Japan). Eribulin mesylate was manufactured by Eisai Co., Ltd (Ibaraki,
Japan). Both compounds were dissolved in DMSO to yield
a stock concentration of 1 mmol/L.
Cell proliferation assay

HUVECs and HBVPs were plated at 3000 cells per well
in 96-well plates. Three hours later serial dilutions of
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tested compounds were added. Control wells were
treated with 0.1% DMSO. Cell growth was assessed
4 days later using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega, Madison, WI). Three experiments were performed, each in triplicate. The mean of
the half maximal inhibitory concentration (IC50) value
and 95% confidence interval (CI) were calculated based
on IC50 values generated from separate sigmoidal curves
representing the growth inhibition activity versus the
eribulin and paclitaxel concentration of three independent experiments. Statistical analyses were performed
using the GraphPad Prism version 5.02 (GraphPad Software, San Diego, CA).
HUVEC/HBVP co-culture assay and measurement of
pericyte-covered capillary network length reduction

HBVPs and AcGFP-expressing HUVECs were diluted
and mixed to densities of 1.87 × 105 cells/mL and 1.3 ×
104 cells/mL with medium, respectively. Cell suspensions
were dispensed at 100 μL per well in black-walled, clearbottomed, collagen type I-treated 96-well plates (Greiner
Bio One, Frickenhausen, Germany) and incubated for
10 days with culture medium changes every 2 days.
To measure effects of compounds on capillary network
lengths in HUVEC/HBVP co-cultures, 100 μL solutions
of eribulin, paclitaxel or 0.1% DMSO (vehicle control)
were exchanged into each well and incubated for 5 days.
Three independent experiments were performed in triplicate. Fluorescence microscopy was performed every
day for 5 days using an IN Cell Analyzer 1000 (GE
Healthcare, Piscataway, NJ) to obtain images of pericytecovered capillary networks formed by AcGFP-expressing
HUVECs under co-culture conditions. Images were
negative/positive inverted and high-contrasted by Irfan
View software version 3.61 (Irfan Skiljan, Wierner Neustadt, Austria), followed by analysis using Angiogenesis
Image Analyzer software version 2.0 (Kurabo, Osaka,
Japan) to measure lengths of pericyte-covered capillary
networks. Data for pericyte-covered capillary network
lengths were expressed as means + SEM.
IC50’s of 5-day treatments in three independent experiments were analyzed by nonlinear regression analysis,
and means of three IC50 values were determined. Statistical analyses were performed using GraphPad Prism
version 5.04 (GraphPad Software).
Measurement of cell viability in co-culture

Assessment of cell viability in the co-culture assay was
performed by modification of the 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide colorimetric assay
[24]. After measurement of pericyte-covered capillary
network lengths in the HUVEC/HBVP co-culture assay,
medium in wells was exchanged with 100 μL of 11-fold
media-diluted WST-8 reagent (Cell Counting Kit-8,
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Dojindo Laboratories, Kumamoto, Japan), followed by
incubation for one additional hour. The optical density
(OD) at 450 nm of each well was measured with a microplate reader (SpectraMax 250, Molecular Devices,
Sunnyvale, CA), with a reference wavelength of 650 nm.
Data for cell viability were expressed as means + SEM.
Microarray analysis

HUVECs and HBVPs were plated at 1 × 105 cells per
well in 12-well plates. The next day, cells were treated
with compounds at 10 × IC50 concentrations as determined in cell proliferation assays. Control wells were
treated with 0.1% DMSO in culture media. Experiments
were done in triplicates. Twenty four hours later, cells
were collected and RNA was extracted using an RNeasy
Mini kit (Qiagen, Valencia, CA) with DNase I oncolumn treatment according to the manufacturer’s
protocol. RNA was quantified using Nanodrop ND-1000
(Thermo Scientific, Wilmington, DE). For each sample,
1 μg total RNA was used to prepare biotinylated fragmented cDNA for analysis on Human Exon 1.0 ST arrays (Affymetrix, Santa Clara, CA). Sample preparation
was performed in accordance with manufacturer’s instructions using the WT Expression kit (Life Technologies, Carlsbad, CA) and the GeneChip WT (Whole
Transcript) Terminal Labeling Kit (Affymetrix). Hybridizations were conducted according to the GeneChip Expression Analysis Technical Manual (Affymetrix). Arrays
were washed and stained using Affymetrix Fluidics Station 450, and finally scanned using Affymetrix GeneChip
Scanner 3000.
Gene chips were analyzed using Affymetrix Microarray
Analysis Suite (MAS) version 5.0 to obtain raw data.
Fluorescence intensities of scanned images were quantified, corrected for background noise, and RMA normalized using Refiner software (Genedata, Basel, Switzerland).
Normalization procedure within RMA consisted of a GC
background subtraction, quantile normalization and
summarization. QC analysis of the microarrays was
performed according to the standard protocol within
Genedata software. All microarrays passed QC criteria.
Statistical analysis was performed with Expressionist software (Genedata). We restricted our analysis to gene intensities >100, based on the detection limit of the Affymetrix
gene chip. Gene expression levels of untreated samples
were compared to those from treated samples using t-test
analysis. Comparisons were limited to p-values of 0.05 in
order to eliminate 95% of false positives from the data set,
and to fold change levels of at least 1.5 in order to remove
background effects.
Quantitative real time PCR analysis

Reverse transcription was carried out with 2.5 μg of total
RNA using a Superscript VILO kit (Life Technologies).
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Synthesized cDNA were used as templates for quantitative polymerase chain reaction (qPCR) using custom
TaqMan Low Density Array (TLDA) (Life Technologies)
with ABI 7900HT (Life Technologies). Selected gene
probes related to differentially expressed genes identified
in the microarray experiment were used for TLDA
(Additional file 2). Data were normalized using Expressionist (Genedata).
Hierarchical clustering was done using Genedata software. Genes differentially expressed between eribulin
and control and between paclitaxel and control were
uploaded into Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Redwood City, CA), and only significantly
affected signaling pathways were reported with the cut
off value of p < 0.01 for pathway enrichment.

Results
Effects of eribulin and paclitaxel on cell proliferation
in vitro

Tubulin-binding drugs exert their effects on actively dividing cells by disrupting normal mitotic spindle formation and thus causing cell cycle blockage in mitosis
leading ultimately to cell death. It was previously shown
that eribulin is a highly active compound in growth inhibition of numerous cancer cells [18]. To evaluate drug
effects on proliferation of HUVECs and HBVPs, we
tested eribulin and paclitaxel in a standard cell proliferation assay. Table 1 shows the results of this analysis.
Compared to HBVPs, both compounds were more active
against HUVECs, showing similar IC50 values in the
sub-nmol/L range: 0.54 for eribulin and 0.41 for paclitaxel. HBVPs were more resistant to both eribulin and
paclitaxel, with IC50 values of 1.19 and 2.19 nmol/L,
respectively.
Gene expression analysis of eribulin- and paclitaxeltreated HUVECs and HBVPs

To evaluate transcriptional changes in HUVECs and
HBVPs caused by treatment with eribulin and paclitaxel,
we used whole human genome microarrays. We selected
comparable functional concentrations of both compounds based on their activities in cell growth inhibition
assays (10 × IC50) for 24 hours treatment based on the
number of genes altered after comparing several different conditions such as concentration and duration of
treatments.
Table 1 Inhibition of HUVEC and HBVP cell growth by
eribulin and paclitaxel
Growth inhibition, IC50 (nmol/L)
Cell type

Eribulin

Paclitaxel

HUVEC

0.54 ± 0.09

0.41 ± 0.12

HBVP

1.19 ± 0.20

2.19 ± 0.55

In HUVECs, eribulin significantly altered expression
of 321 genes compare to control vehicle-treated cells
(Figure 1A). Paclitaxel caused transcriptional changes of
356 genes compare to control. When we compared these
two signatures, more than 59% of genes overlapped between the two groups (Venn diagram, Figure 1B). It
should be noted that all 251 overlapping genes changed
expression in the same direction in eribulin and paclitaxel treated cells: 235 genes were down-regulated while
16 were up-regulated after both treatments. Interestingly, direct comparison of eribulin versus paclitaxel
treatments showed significantly different expression
changes in only 29 genes. Both treatments led to downregulation, not up-regulation, of a majority of the affected genes in HUVECs (Additional file 3).
A different pattern of expression changes was observed
in HBVPs with both drug treatments. Eribulin altered expression levels of 172 genes while paclitaxel changed expression of 416 genes compared to vehicle-treated cells
(Figure 1C). Only 63 genes (12%) of the total number
of 525 altered genes overlapped between the two drugs
(Figure 1D). Eribulin caused down-regulation of 105 genes
and up-regulation of 67 genes, while paclitaxel led to
higher number of up-regulated genes (348) compared to
down-regulated genes (68) (Additional file 3). Direct comparison of eribulin- and paclitaxel-treated changes of gene
expression profiling showed a significant number of genes
(594) differentially altered in HBVPs. These data indicate
that, in contrast to HUVECs, transcriptional changes in
HBVP were very drug-specific.
Comparison of gene profiles in HUVECs and HBVPs revealed only 14 altered genes that were common to all treatments. Four of these, BTG2, CDC45, CSE1 and MCM5,
were cell cycle related genes. The largest group of 6 genes
among the 14 common genes consisted of 5 linker histone H1 gene family members (HIST1H1A, HIST1H1B,
HIST1H1D, HIST1H2AB/HIST1H2AE and HIST1H2BM)
and one nucleosome histone H2 gene (HIST2H2AC). In
addition, anti-silencing function 1B histone chaperone
(ASF1B) was also among commonly effected genes.
To evaluate differential effects of eribulin and paclitaxel on pericytes in more details, we performed pathway analysis using Ingenuity software (Ingenuity
Pathway Analysis) (Table 2). Results showed that eribulin significantly affected pathways related to cell cycle
control of chromosomal replication, RAN signaling, as
well as polyamine regulation and mismatch repair. On
the other hand, paclitaxel regulated PI3K/AKT, HGF
and WNT pathways as well as stress response and p53
signaling pathways and others. These results indicate
that pericyte functions in general might be affected differently by eribulin and paclitaxel.
We confirmed a subset of genes differentially expressed
in HBVPs after treatment with eribulin versus paclitaxel
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A

C

Number of significantly
altered genes
Treatment
vs Control vs Eribulin
Eribulin
321
Paclitaxel
356
29

B

Treatment
Eribulin
Paclitaxel

Number of significantly
altered genes
vs Control vs Eribulin
172
416
594

D
70

Eribulin

251

59%

105

Paclitaxel

109

63

Eribulin

353

Paclitaxel

12%

Figure 1 Gene expression analysis of vascular cells treated with eribulin and paclitaxel. A. Number of differentially expressed genes in
HUVECs treated with eribulin or paclitaxel. B. Comparison of eribulin and paclitaxel gene signatures in HUVECs by Venn diagram. C. Number of
differentially expressed genes in HBVPs. D. Comparison of eribulin and paclitaxel gene signatures in HBVPs by Venn diagram. Analysis was
restricted to genes with signal intensities >100, p-values < 0.05 and fold change levels of at least 1.5 in order to remove background effects.

by qPCR using custom TLDA (Figure 2, Additional file 2).
We showed that expression of 37 genes was significantly
changed in both of eribulin and paclitaxel treatments as
measured by qPCR. Furthermore, expression alterations of
several genes were confirmed by Western blot analysis
(Additional file 4). These altered genes formed drugspecific signatures and were clustered according to the
treatment. Three major clusters of genes were identified,
one with downregulated genes for both eribulin and paclitaxel (5 genes) and another one with upregulated genes
for both treatments (10 genes), but altered levels with eribulin treatment were more robust. The third group with
downregulated genes for eribulin and upregulated genes
for paclitaxel signature contained largest numbers of genes
(22 genes) clustered into two groups, one with ANGPT2,
CXCL12, CXCL1, SLC2A12, TXNIP, FAM198B, PTGS2,
RHOU, TNFAIP3 genes and another with ADMTS1,
EPHA7, IGFBP3, ALDH1A3, RANBP3L, EMCN, GPAM,
FGD6, WNT2B, TUBA1A, CCL2, TUBB, TUBB2A genes.
Effects of eribulin and paclitaxel on capillary networks in
endothelial cell-pericyte co-cultures

We examined effects of eribulin and paclitaxel on
pericyte-covered capillary networks in a unique assay
system in which HUVECs and HBVPs were co-cultured.
In this assay system, AcGFP-expressing HUVECs form
pericyte-covered capillary networks driven by HBVPs,
since HUVECs mono-culture in the 2D condition never
formed networks without pericytes or fibroblasts (data
not shown), and the length of these networks can be
measured and analyzed after drug treatment. Figure 3
shows pericyte-covered capillary network length alterations by the treatment with eribulin or paclitaxel. In
both groups, pericyte-covered capillary network lengths

were decreased in a time-dependent manner and maximum at 5 days after treatment. IC50 values at 3- and 5day treatments with eribulin were 3.6 nmol/L and
1.5 nmol/L, respectively, while with paclitaxel, IC50 values
were >1 μmol/L at 3 days and 13 nmol/L at 5 days
(Table 3). To evaluate effects of compounds on capillary
networks formed with only HUVECs, we used standard
sandwich tube formation assay (Additional file 5). Capillary network formation was induced by VEGF stimulation
with HUVECs cultured between two layers of collagen gel
without co-culturing with HBVPs. In this assay, eribulin
and paclitaxel showed similar IC50 values (0.65 - 0.72 for
eribulin and 1.18 - 1.26 for paclitaxel) in shortening capillary network at 4 days after treatment, which suggest that
pericyte-covered condition is an important component of
differential response of capillary network to the treatment
with eribulin in co-culture assay compared to paclitaxel.
Cell viability in the co-culture assay after 5 days of treatment with eribulin was slightly decreased (about 20%)
(Figure 4). Since majority cells in co-culture were HBVPs,
we assume that most of the signal in this assay came from
pericyte cells. However, it might reflect shorter length of
HUVECs network, because there was slightly higher cell
viability in the co-culture assay compared to HBVPs monoculture (Additional file 6). These data indicate that eribulin
has greater antivascular effects on pericyte-covered capillary
network shortening relative to its antiproliferative effects
on HUVECs, whereas effects of paclitaxel on pericytecovered capillary network shortening was much weaker
than its antiproliferative effects on HUVECs.

Discussion
In addition to normal development, angiogenesis plays an
important role in tumor growth [25]. However, tumor
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Table 2 Signaling pathways affected by eribulin and paclitaxel in HBVPs
Eribulin affected pathways

p values (-log)

Paclitaxel affected pathways

p values (-log)

Cell cycle control of chromosomal replication

6.85E+00

PI3K/AKT signaling

5.91E+00

Granzyme A signaling*

6.27E+00

Hepatic fibrosis/hepatic stellate cell
activation*

4.59E+00

RAN signaling

3.37E+00

NRF2-mediated oxidative stress response

4.11E+00

Polyamine regulation in colon cancer

3.03E+00

Glucocorticoid receptor signaling

4.07E+00

Role of macrophages, fibroblasts and endothelial cells in
rheumatoid arthritis*

2.79E+00

Aryl hydrocarbon receptor signaling

3.89E+00

Airway pathology in chronic obstructive pulmonary disease

2.68E+00

IGF-1 signaling

3.82E+00

IL-17A signaling in fibroblasts*

2.44E+00

p53 signaling

3.79E+00

Hepatic fibrosis/hepatic stellate cell activation*

2.10E+00

Granzyme A signaling*

3.30E+00

Bladder cancer signaling*

2.09E+00

Cell cycle regulation by BTG family proteins

3.19E+00

Mismatch repair in eukaryotes

2.06E+00

Aldosterone signaling in epithelial cells

2.95E+00

Putrescine degradation III

2.01E+00

MIF regulation of innate immunity

2.87E+00

CDK5 signaling

2.70E+00

Wnt/b-catenin signaling

2.60E+00

Role of macrophages, fibroblasts and
endothelial cells in Rrheumatoid arthritis*

2.42E+00

HGF signaling

2.38E+00

MIF-mediated glucocorticoid regulation

2.38E+00

Estrogen receptor signaling

2.37E+00

Role of IL-17A in arthritis

2.34E+00

VDR/RXR activation

2.31E+00

Role of CHK proteins in cell cycle checkpoint
control

2.30E+00

IL-17A signaling in fibroblasts*

2.28E+00

Stearate biosynthesis I (animals)

2.28E+00

Superoxide radicals degradation

2.24E+00

Apoptosis signaling

2.06E+00

CD40 signaling

2.06E+00

Bladder cancer signaling*

2.03E+00

Melanoma signaling

2.00E+00

Genes with significantly changed expression levels compare to controls were analyzed using Ingenuity Pathway Analysis. Cell signaling pathways significantly
affected by eribulin or paclitaxel treatments are shown.
*Common pathways for both treatments.

vasculature is largely distinct from normal vessels in a
number of properties. Tumor vasculature is known to be
grossly disorganized and tortuous. Furthermore, tumor
vasculature is leakier than normal vasculature because it
grows fast and does not have close interactions with pericytes. Interactions between endothelial cells and pericytes
in the blood vessel wall are important processes in the
regulation of vascular formation, stabilization, remodeling
and function. Failure of such interactions are implicated in
human pathological conditions, including diabetic microangiopathy [26], ectopic tissue calcification [27], stroke
[28] and cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL)

syndrome, one of the most common inherited small vessel
diseases of the brain [29]. Tumor vasculature is heterogeneous in its interaction with pericytes, and many reports
indicate that those having a “mature” appearance, defined
primarily as having close endothelial cell-pericyte interactions, show resistance to antiangiogenic therapies [30].
To shed light on effects of eribulin on tumor angiogenesis, we studied HUVECs and HBVPs as models of
endothelial cells and pericytes in tumor vasculature. We
showed that these two cell types responded differently to
eribulin and paclitaxel treatment by specific changes in
expression of multiple genes. In HUVECs, both eribulin
and paclitaxel led to down-regulation of most affected

Agoulnik et al. Vascular Cell 2014, 6:3
http://www.vascularcell.com/content/6/1/3

min

Page 7 of 11

max

Figure 2 Hierarchical clustering of differentially expressed genes in HBVPs. HBVPs were treated with eribulin or paclitaxel (PTX) for 24 hours
in triplicates. Expression levels of selected genes identified as differentially expressed in microarray experiment were analyzed by qPCR using
custom TLDAs. Genes were clustered according to their expression patterns.

genes, with drug signatures greatly overlapping. Notably,
eribulin and paclitaxel signatures in HBVPs were clearly
different from those in HUVECs.
We found that among 14 genes common for both drugs
and both cell types, 4 genes were related to cell cycle progression (BTG2, CDC45, CSE1 and MCM5). The largest
group of 6 common genes, all of which were downregulated, was made up of histones, with 5 of these belonging to the H1 gene family. In addition, 1B histone chaperone
gene ASF1B was also down-regulated by both drugs in
HUVECs and HBVPs. There are 11 known H1 family members in the human genome, and 5 of those were found in

this study to be down-regulated by the two tubulin-binding
drugs under study. The H1 histones work as linkers for nucleosomal core particles and have an important role in establishing and maintaining chromatin structure and
regulation of gene activity [31]. Down-regulation of H1 histones causes de-condensation of chromatin and possibly upregulation of gene transcription.
Our data showed that in HBVPs, gene expression
changes caused by eribulin and paclitaxel were dramatically different. Only 12 percent of genes were similarly affected by both drugs, while the rest showing drug-specific
changes. While paclitaxel induced transcriptional activity
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Figure 3 Pericyte-covered capillary network length alterations by eribulin and paclitaxel in HUVEC and HBVP co-culture assay. A.
HUVECs and HBVPs in co-culture were treated with eribulin or paclitaxel for 5 days and pericyte-covered capillary network lengths were calculated
by the length of networks formed by HUVECs. Data represent means + SEM from three independent experiments. B. Representative images of
pericyte-covered capillary network captured on 5-day treatment. AcGFP-expressing HUVECs form networks (in black) which are responding to the
drug treatments by shortening of their lengths.

of a majority of affected genes, 61 percent of genes were
down-regulated and by eribulin. Direct comparison of eribulin’s versus paclitaxel’s gene expression profiles showed
a large number of differentially expressed genes. These
data indicate that either the direction of altered expression
was opposite for the two drugs, or the degrees of alteration were significantly different between eribulin and paclitaxel treatment.

Table 3 Effects of eribulin and paclitaxel on capillary
networks in HUVEC and HBVP co-cultures
Treatment

Network shortening, IC50 (nmol/L)
Day 1

Day 2

Day 3

Day 4

Day 5

Eribulin

>1,000

>1,000

3.6

2.1

1.5

Paclitaxel

>1,000

>1,000

>1,000

>1,000

13

A number of observed differentially expressed eribulinspecific genes (Additional file 3, highlighted in red) were
previously reported to be associated with angiogenesis,
pericyte biology and vascular remodeling (NOTCH3,
PTX3,TNFAIP1, PGF, GREM1, TIMP4, LIPG, MYOCD)
[32-36]. Of particular interest is NOTCH3, a gene encoding one of the notch family members and known to be
underlying cause of CADASIL [37,38]. NOTCH signaling
is critical for maintenance of normal vascular structure,
angiogenesis and vascular remodeling in both physiological and pathological conditions [39,40]. In our study
we detected significant upregulation of NOTCH3 expression after eribulin treatment in HBVPs.
To evaluate specific effects of eribulin on signaling
pathways, we performed pathway analysis using Ingenuity software. This analysis showed that in pericytes,
genes in several pathways were selectively affected by

Cell Viabilities (% + SEM)
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Figure 4 Cell viabilities after treatment with eribulin or paclitaxel in HUVEC and HBVP co-cultures. Cell viabilities were measured by the WST-8
assay in HUVEC/HBVP co-cultures treated with eribulin or paclitaxel for 5 days. Data represent means + SEM from three independent experiments.

eribulin compared to paclitaxel. In particular, cell cycle
control of chromosomal replication including RAN signaling and mismatch repair pathways were among most
significantly changed.
Most studies published to date have used in vitro
endothelial cell-based vascular disruption assays to
evaluate activities of compounds against newly formed
capillary-like structures. In such assays, endothelial cells
that are plated on thick layers of Matrigel form networks
of cord-like structures, reminiscent of newly formed vessels. Treatment with antivascular compounds results in
disruption of the integrity of such cord-like networks.
However, such assays, using only endothelial cells, do
not take into account the physiologically-relevant close
interactions between endothelial cells and supporting
pericytes within the context of tumor vasculature. To
overcome this limitation, we developed a novel assay in
which AcGFP-transfected endothelial cells grow and
form capillary networks in co-culture with pericytes.
The effects of two tubulin-targeting compounds, eribulin
and paclitaxel, on network formation were evaluated in
this assay by measuring the lengths of pericyte-covered
capillary networks. We found that eribulin and paclitaxel
behaved dramatically different in this assay. Eribulin, in
contrast to paclitaxel, showed significant antivascular activity causing dramatic pericyte-covered capillary network shortening effects relative to its antiproliferative
effects on HUVECs. On the other hand, pericytes
seemed to protect endothelial networks under paclitaxel
treatment conditions and thus network shortening activity was much weaker compared to its antiproliferative effects on HUVECs. Thus, eribulin appeared to impair
interaction of pericytes with endothelial cells through
the activity against pericytes differently from paclitaxel
in this assay. Consequently, eribulin showed much
higher activity as an anti-vascular agent than to paclitaxel in this co-culture assay. Interestingly, in the sandwich tube formation assay in which HUVECs can form

capillary network without co-culturing with HBVPs, eribulin and paclitaxel showed similar IC50 values in shortening capillary network at 4 days after treatment. This
strongly supports the above hypothesis. In future studies,
it will be important to compare and further define this
newly discovered antipericyte-based antivascular property of eribulin with other known tubulin-binding drugs
both in in vitro and in vivo angiogenesis models.

Conclusions
Current study showed that eribulin, but not paclitaxel,
causes dramatic shortening and interruption of pericytedriven capillary networks formed by HUVECs in co-culture
with HBVPs. The effect was observed at compound’s concentrations which did not induce significant toxicity in pericytes of confluent state. Gene expression profiling of
pericytes treated with eribulin showed specific signature
different from paclitaxel’s one. We propose that observed
eribulin’s antiangiogenic effect in co-culture model is based
on drug’s effects against pericytes.
Additional files
Additional file 1: Expression of key pericyte markers in HBVPs and
HUVECs. Expression of α-SMA, Desmin (DES), CD248, NG2, CD146 and
platelet derived growth factor receptor-beta (PDGFRB) genes (Chen et al.,
[34]) was analyzed in cultured HBVPs and HUVECs growing on plastic. All
markers were highly expressed in HBVPs. At the same time, these genes
were expressed at much lower level in HUVECs with the exception of
CD146. Based on these data we conclude that HBVPs kept pericyte
phenotype even growing on plastic.
Additional file 2: List of differentially expressed genes in HBVPs
identified in the microarray experiment included in TLDA. Seventy
four selected genes from eribulin and paclitaxel pericyte signatures were
analyzed by qPCR. Expression of housekeeping genes ACTB and GAPDH
was used for normalization. In parenthesis are numbers of genes specific
to eribulin, paclitaxel or both treatments versus control or each other.
Additional file 3: List of genes with significantly changed
expression level in HUVECs and HBVPs after the treatment with
eribulin or paclitaxel. Genes with signal intensities >100, p-values < 0.05
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and fold change levels of at least 1.5 compare to control are shown. Each
treatment was conducted in triplicates. FC = Fold Change.
Additional file 4: Western blot analysis of selected proteins in
HBVPs treated with eribulin or paclitaxel. HBVPs were treated with
eribulin or paclitaxel for 24 hours at 10 × IC50 concentrations as
determined in cell proliferation assay. 0.1% DMSO was used as vehicle
control. A. Expression levels of several proteins were analyzed by western
blot analysis using the antibodies against α1A-tubulin (clone DM1A,
Millipore, Billerica, MA), β-tubulin (Santa Cruz Biotechnology, Santa Cruz,
CA), IGFBP3 (Santa Cruz Biotechnology) and β-actin (clone AC-15, Sigma
Aldrich St. Louis, MO). B. The signals of protein bands were quantified
using Multi Gauge version 3.0 software (Fuji Film, Tokyo, Japan). The
quantitative data of α1A-tubulin, β-tubulin and insulin-like growth factor
binding protein 3 were adjusted by the intensity of β-actin. The
calculated values and the intensity of β-actin are also shown.
Additional file 5: Effect of eribulin and paclitaxel on angiogenesis
in the sandwich tube formation assay. An aliquot (0.4 mL) of the
collagen gel mixture (Nitta Gelatin, Osaka, Japan) was added to each well
of 24-well plates and allowed to gel at 37°C. HUVECs were harvested by
trypsinization, counted and plated onto the gel at 1.5 × 105 cells per
well with human endothelial serum free medium (Life Technologies)
containing 10 ng/mL of EGF and 20 ng/mL VEGF (assay medium). After
overnight incubation at 37°C in a humidified atmosphere containing
5% CO2, medium was removed and 0.4 mL of collagen gel was added
to the cells and incubated for 4 hr at 37°C. An aliquot (1.5 mL) of
assay medium, containing 0.1% DMSO (as vehicle) or test compounds
were added to each well. HUVECs sandwiched in collagen gel were
incubated at 37°C in a humidified atmosphere containing 5% CO2 for
4 days and photomicrographs of capillaries were taken with a light
microscope using BZ-9000 (Keyence, Osaka, Japan) after adding 0.4 mL
of MTT solution. A. Tube length of each capillary was measured using
Angiogenesis Image Analyzer software version 2.0 (Kurabo). Assays
were performed in duplicate. Both compounds showed close IC50 values:
0.65 - 0.72 for eribulin and 1.18 - 1.26 for paclitaxel. B. Representative images
are shown.
Additional file 6: OD450 values (cell viability) of HBVP mono-culture
and HUVEC/HBVP co-culture. In the HBVP mono-culture, HBVPs were
diluted to densities of 1.87 × 105 cells/mL. In the HUVEC/HBVP co-culture,
HBVPs and AcGFP-expressing HUVECs were diluted and mixed to
densities of 1.87 × 105 cells/mL and 1.3 × 104 cells/mL with medium,
respectively. Cell suspensions were dispensed at 100 μL per well in
96-well plates and incubated for 15 days with culture medium changes
every 2 days. A. Cell viabilities were measured by the WST-8 assay.
HUVEC/HBVP co-culture showed slightly higher values compared to HBVP
mono-culture, because of HUVEC viability. Data represent means + SEM
from three independent experiments. B. Representative images are
shown.
Competing interests
SIA, SK, NT, JM, JC, YO and YF are full-time employees of Eisai. JO was a
full-time employee of Eisai. The authors declare no other competing interests.
Authors’ contributions
All authors contributed to the design of the study, acquisition of data,
analysis and interpretation of data or manuscript writing, and have read and
approved the final manuscript.
Acknowledgements
The study was supported financially by Eisai Co., Ltd. We thank Bruce
Littlefield for critical reading of the manuscript, Zoltan Dezso and Natalie
Twine for the help with data analysis.
Author details
1
Eisai Inc, 4 Corporate Drive, Andover, MA 01810, USA. 2Eisai Co., Ltd, Tokodai
5-1-3, Tsukuba, Ibaraki 300-2635, Japan. 3Present address: Infinity
Pharmaceuticals, 780 Memorial Drive, Cambridge, MA 02139, USA.
Received: 21 September 2013 Accepted: 24 February 2014
Published: 1 March 2014

Page 10 of 11

References
1. Gerhardt H, Betsholtz C: Endothelial-pericyte interactions in angiogenesis.
Cell Tissue Res 2003, 314:15–23.
2. Dulmovits BM, Herman IM: Microvascular remodeling and wound healing:
a role for pericytes. Int J Biochem Cell Biol 2012, 44(11):1800–1812.
3. Ding Y, Song N, Luo Y: Role of bone marrow-derived cells in angiogenesis:
focus on macrophages and pericytes. Cancer Microenviron 2012, 5(3):225–236.
4. Darland DC, Massingham LJ, Smith SR, Piek E, Saint-Geniez M, D’Amore PA:
Pericyte production of cell-associated VEGF is differentiation-dependent
and is associated with endothelial survival. Dev Biol 2003, 264(1):275–288.
5. Guo P, Hu B, Gu W, Xu L, Wang D, Huang HJ, Cavenee WK, Cheng SY: Plateletderived growth factor-B enhances glioma angiogenesis by stimulating
vascular endothelial growth factor expression in tumor endothelia and by
promoting pericyte recruitment. Am J Pathol 2003, 162(4):1083–1093.
6. Metheny-Barlow LJ, Li LY: The enigmatic role of angiopoietin-1 in tumor
angiogenesis. Cell Res 2003, 13(5):309–317.
7. Saharinen P, Bry M, Alitalo K: How do angiopoietins Tie in with vascular
endothelial growth factors? Curr Opin Hematol 2010, 17(3):198–205.
8. Franco M, Roswall P, Cortez E, Hanahan D, Pietras K: Pericytes promote
endothelial cell survival through induction of autocrine VEGF-A signaling
and Bcl-w expression. Blood 2011, 118:2906–2917.
9. Rapisarda A, Melillo G: Role of the VEGF/VEGFR axis in cancer biology and
therapy. Adv Cancer Res 2012, 114:237–267.
10. Weisshardt P, Trarbach T, Dürig J, Paul A, Reis H, Tilki D, Miroschnik I, Ergün
S, Klein D: Tumor vessel stabilization and remodeling by anti-angiogenic
therapy with bevacizumab. Histochem Cell Biol 2012, 137(3):391–401.
11. Carmeliet P, Jain RK: Principles and mechanisms of vessel normalization
for cancer and other angiogenic diseases. Nat Rev Drug Discov 2011,
10(6):417–427.
12. Goel S, Duda DG, Xu L, Munn LL, Boucher Y, Fukumura D, Jain RK:
Normalization of the vasculature for treatment of cancer and other
diseases. Physiol Rev 2011, 91(3):1071–1121.
13. Bottsford-Miller JN, Coleman RL, Sood AK: Resistance and escape from
antiangiogenesis therapy: clinical implications and future strategies.
J Clin Oncol 2012, 30(32):4026–4034.
14. Spear MA, LoRusso P, Mita A, Mita M: Vascular disrupting agents (VDA) in
oncology: advancing towards new therapeutic paradigms in the clinic.
Curr Drug Targets 2011, 12(14):2009–2015.
15. McKeage MJ, Baguley BC: Disrupting established tumor blood vessels: an
emerging therapeutic strategy for cancer. Cancer 2010, 116(8):1859–1871.
16. Strieth S, Eichhorn ME, Sauer B, Schulze B, Teifel M, Michaelis U, Dellian M:
Neovascular targeting chemotherapy: encapsulation of paclitaxel in
cationic liposomes impairs functional tumor microvasculature. Int J
Cancer 2004, 110(1):117–124.
17. Tozer GM, Kanthou C, Baguley BC: Disrupting tumour blood vessels. Nat
Rev Cancer 2005, 5(6):423–435.
18. Towle MJ, Salvato KA, Budrow J, Wels BF, Kuznetsov G, Aalfs KK, Welsh S,
Zheng W, Seletsky BM, Palme MH, Habgood GJ, Singer LA, Dipietro LV,
Wang Y, Chen JJ, Quincy DA, Davis A, Yoshimatsu K, Kishi Y, Yu MJ,
Littlefield BA: In vitro and in vivo anticancer activities of synthetic
macrocyclic ketone analogues of halichondrin B. Cancer Res 2001,
61(3):1013–1021.
19. Jordan MA, Kamath K, Manna T, Okouneva T, Miller HP, Davis C, Littlefield
BA, Wilson L: The primary antimitotic mechanism of action of the
synthetic halichondrin E7389 is suppression of microtubule growth. Mol
Cancer Ther 2005, 4(7):1086–1095.
20. Kuznetsov G, Towle MJ, Cheng H, Kawamura T, TenDyke K, Liu D, Kishi Y, Yu
MJ, Littlefield BA: Induction of morphological and biochemical apoptosis
following prolonged mitotic blockage by halichondrin B macrocyclic
ketone analog E7389. Cancer Res 2004, 64(16):5760–5766.
21. Towle MJ, Salvato KA, Wels BF, Aalfs KK, Zheng W, Seletsky BM, Zhu X, Lewis
BM, Kishi Y, Yu MJ, Littlefield BA: Eribulin induces irreversible mitotic
blockade: implications of cell-based pharmacodynamics for in vivo efficacy
under intermittent dosing conditions. Cancer Res 2011, 71(2):496–505.
22. Smith JA, Wilson L, Azarenko O, Zhu X, Lewis BM, Littlefield BA, Jordan MA:
Eribulin binds at microtubule ends to a single site on tubulin to
suppress dynamic instability. Biochemistry 2010, 49(6):1331–1337.
23. Matsui J, Wakabayashi T, Asada M, Yoshimatsu K, Okada M: Stem cell
factor/c-kit signaling promotes the survival, migration, and capillary tube
formation of human umbilical vein endothelial cells. J Biol Chem 2004,
279(18):18600–18607.

Agoulnik et al. Vascular Cell 2014, 6:3
http://www.vascularcell.com/content/6/1/3

Page 11 of 11

24. Ishiyama M, Tominaga H, Shiga M, Sasamoto K, Ohkura Y, Ueno K: A
combined assay of cell viability and in vitro cytotoxicity with a highly
water-soluble tetrazolium salt, neutral red and crystal violet. Biol Pharm
Bull 1996, 19(11):1518–20.
25. Folkman J: Tumor angiogenesis: therapeutic implications. N Engl J Med
1971, 285:1182–1186.
26. Hammes HP, Lin J, Renner O, Shani M, Lundqvist A, Betsholtz C, Brownlee
M, Deutsch U: Pericytes and the pathogenesis of diabetic retinopathy.
Diabetes 2002, 51:3107–3112.
27. Collett GDM, Canfield AE: Angiogenesis and pericytes in the initiation of
ectopic calcification. Circ Res 2005, 96:930–938.
28. Liu S, Agalliu D, Chuanhui Y, Fisher M: The roles of pericytes in blood–
brain function and stroke. Curr Pharm Des 2012, 25:3653–62.
29. Dziewulska D, Lewandowska E: Pericytes as a new target for pathological
processes in CADASIL. Neuropathology 2012, 32:515–21.
30. Sitohy B, Nagy JA, Dvorak HF: Anti-VEGF/VEGFR therapy for cancer:
reassessing the target. Cancer Res 1909–1914, 2012:72.
31. Kowalski A, Pałyga J: Linker histone subtypes and their allelic variants. Cell
Biol Int 2012, 36(11):981–996.
32. Li JL, Harris AL: Notch signaling from tumor cells: a new mechanism of
angiogenesis. Cancer Cell 2005, 8(1):1–3.
33. Wolf FW, Marks RM, Sarma V, Byers MG, Katz RW, Shows TB, Dixit VM:
Characterization of a novel tumor necrosis factor-alpha-induced
endothelial primary response gene. J Biol Chem 1992, 267(2):1317–1326.
34. Chen MH, Yeh YC, Shyr YM, Jan YH, Chao Y, Li CP, Wang SE, Tzeng CH,
Chang PM, Liu CY, Chen MH, Hsiao M, Huang CY: Expression of gremlin 1
correlates with increased angiogenesis and progression-free survival in
patients with pancreatic neuroendocrine tumors. J Gastroenterol 2013,
48(1):101–108.
35. Sun L, Ishida T, Okada T, Yasuda T, Hara T, Toh R, Shinohara M, Yamashita T,
Rikitake Y, Hirata K: Expression of endothelial lipase correlates with the
size of neointima in a murine model of vascular remodeling. J Atheroscler
Thromb 2012, 19(12):1110–1127.
36. Christoforou N, Chellappan M, Adler AF, Kirkton RD, Wu T, Addis RC, Bursac
N, Leong KW: Transcription factors MYOCD, SRF, Mesp1 and SMARCD3
enhance the cardio-inducing effect of GATA4, TBX5, and MEF2C during
direct cellular reprogramming. PLoS One 2013, 8(5):e63577.
37. Joutel A, Corpechot C, Ducros A, Vahedi K, Chabriat H, Mouton P,
Alamowitch S, Domenga V, Cécillion M, Marechal E, Maciazek J, Vayssiere C,
Cruaud C, Cabanis EA, Ruchoux MM, Weissenbach J, Bach JF, Bousser MG,
Tournier-Lasserve E: Notch3 mutations in CADASIL, a hereditary adultonset condition causing stroke and dementia. Nature 1996, 383:707–710.
38. Meng H, Zhang X, Yu G, Lee SJ, Chen YE, Prudovsky I, Wang MM:
Biochemical characterization and cellular effects of CADASIL mutants of
NOTCH3. PLoS One 2012, 7(9):e44964.
39. Gridley T: Notch signaling in the vasculature. Curr Top Dev Biol 2010,
92:277–309.
40. Hofmann JJ, Iruela-Arispe ML: Notch signaling in blood vessels: who is
talking to whom about what? Circ Res 2007, 100(11):1556–1568.
doi:10.1186/2045-824X-6-3
Cite this article as: Agoulnik et al.: Eribulin mesylate exerts specific gene
expression changes in pericytes and shortens pericyte-driven capillary
network in vitro. Vascular Cell 2014 6:3.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

