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Abstract: Multiple drug resistance is still an unsolved problem in cancer therapy. Our previous
study demonstrated that the chemotherapeutic drug doxorubicin (Dox) induced upregulation of
P-glycoprotein (P-gp) in endothelial cells, resulting in a 20-fold increase in drug resistance and
reduced efficiency of Dox treatment in a mice tumor model. In this study, we exposed human
microvascular endothelial cells (HMEC-1) to sunitinib, a tyrosine kinase receptor inhibitor, to
induce drug resistance. The results show that sunitinib treatment induced multiple drug resis-
tance in these cells. They became resistant not only to sunitinib but also to Dox, paclitaxel, and
vinblastine. Significant increases in P-gp (9.3-fold), ABCG2 (breast cancer resistance protein,
1.9-fold), and multidrug resistance-associated protein 1 (2.7-fold) gene transcription were
found by quantitative polymerase chain reaction quantification, and their protein expression was
confirmed by Western blot. These increases gave rise to an approximately five-fold increase in
half maximal inhibitory concentration in these cells in response to sunitinib treatment in vitro.
The inhibitors of adenosine triphosphate-binding cassette transporters did not reverse the drug
resistance in sunitinib-resistant HMEC-1 cells, assumedly because of a blockage of the pump
function caused by sunitinib. Our study indicates that the antiangiogenic drug sunitinib induces
multiple drug resistance in endothelial cells. The induction of adenosine triphosphate-binding
cassette transporters seems not to be responsible for observed multiple drug resistance, and the
underlying mechanisms remain unknown.
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Introduction

Tumor angiogenesis supports tumor growth and metastasis. Over the last decade,
with the fast advances in our understanding of the tumor angiogenesis process and
discoveries of molecules inhibiting angiogenesis, the concept of antiangiogenic therapy
has been successfully introduced into clinical use to prevent, slow, and arrest tumor
growth through vascular regression and tumor starvation. The first antiangiogenic
drug, bevacizumab, was a humanized antivascular endothelial growth factor (VEGF)
antibody, which received approval in 2004 for combined use with chemotherapy for
metastatic colon cancer.! It was followed by the fast pharmaceutical development of
tyrosine kinase inhibitors (TKIs), which target the receptors for the angiogenic factor
VEGF (VEGFR). Today, many TKIs have been successfully introduced into clinical
anticancer therapy.>* However, regardless of the initial success of antiangiogenesis
therapies, these inhibitors failed to produce enduring clinical responses. Therapeutic
resistance to TKIs has become a practical limitation for drug development.* It is
generally acknowledged that multiple mechanisms are involved in patient resistance
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to antiangiogenic drugs, including the existence of alternative
and redundant angiogenic factors, an amplification of the
stem cells that are resistant to hypoxia, the selection by
hypoxia of cells with metastatic and invasive potential, and
tumor cell dormancy.’

Among clinically approved TKI drugs, sunitinib (Su) is
an orally available small molecule multikinase inhibitor.® This
agent potently inhibits VEGFR, the platelet-derived growth
factor receptor (PDGFR), and c-Kit in addition to other kinases
inin vitro assays. In several relevant preclinical cancer models,
Su exerts significant antiangiogenesis and antitumor effects.
Transient clinical resistance to Su has been reported, but the
mechanisms of resistance to Su and other TKIs that target
VEGFRs are largely unknown.”® A series of studies showed
that Su could be either a substrate or a blocker/chemosentitizer
because of its capacity to bind to ABCB1 and ABCG2.>!"

Since antiangiogenic drugs target genetically stable
endothelial cells, they are not expected to give rise to drug
resistance.'? Antiangiogenic therapy should allow for pro-
longed treatment. However, high P-glycoprotein (P-gp)
expression was recently found in tumor endothelial cells, prob-
ably in response to VEGF stimulation."* Previously, we have
shown that the chemotherapeutic agent doxorubicin induces
high levels of P-gp in endothelial cells.! We also showed that
acquired drug resistance in endothelial cells attenuated the effi-
cacy of doxorubicin treatment in a mice tumor model. These
studies indicated that the acquired drug resistance of tumor
vessels plays a critical role in cancer therapy. As ABCB1 and
ABCG2 were supposed to functionally affect Su therapy, this
study explored ABCB1 and ABCG2 expression in cultured
endothelial cells after long-term exposure to Su.

Materials and methods

Materials

The anti-ABCG2, antimultidrug resistance-associated
protein 1 (MRP1), and anti-P-gp antibodies were purchased
from Abcam Inc., Cambridge, UK. Su was provided by Pfizer
(New York, NY, USA). Verapamil was obtained from Merck
KGaA, Darmstadt, Germany. Diethylstilbesterol, paclitaxel,
cyclosporine A, vinblastine, fumitremorgin C, and MK571 were
purchased from Sigma Chemical Co (Saint Louis, MO, USA).
Doxorubicin chlorhydrate was from Amersham Pharmacia
Biotech (Uppsala, Sweden).

Cell culture and drug resistance induction
Human microvascular endothelial cell (HMEC-1) lines
(Dr TL Lawley, Department of Dermatology, Atlanta, GA,
USA) were cultured in MCDB-131 medium supplemented

with 1 pg/mL hydrocortisone, 10 ng/mL EGF, 2 mM
L-glutamine, 100 pg/mL streptomycin, 100 units/mL peni-
cillin, and 10% fetal calf serum, as described previously.'
Su-resistant HMEC-1 cells (HMECsu or Hsu) were obtained
by continuously exposing HMEC-1 cells to escalating con-
centrations from 0.01 uM to 25 uM of Su over a 12-week
period. All types of cells were digested with trypsin—ethyl-
enediaminetetraacetic acid (EDTA) once or twice a week
and cultured in a 37°C incubator with a 100% humidified
atmosphere of 5% CO,. No mutagenic agents were used in
the establishment of these sunitinib-resistant HMEC-1 cells
(HMECsu). HMECA2 cells were an HMEC-1 subcell line
obtained by long-term exposure to doxorubicin.'* Delta—
delta Ct was used to calculate the differences in quantitative
polymerase chain reaction (qPCR).

MTS cell viability assay
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell proliferation
assay (Promega Corporation, Fitchburg, WI, USA) was used
to determine cell viability. Briefly, cells were cultured to a
confluence of 90% in 75 cm? cell culture flasks. Then the
cells were passed into 96-well plates (7,500 cells/well). Each
well contained 100 UL of culture medium in the presence or
absence of various concentrations of drugs or dimethyl sul-
foxide as a control. After incubation for 24, 48, or 72 hours,
20 uL of the MTS reagent was added to each well. The plates
were then put back to the incubator for an additional 2 hours.
The optical density was then determined at 492 nm using a
microplate reader (LabSystems Multiskan MS). Experiments
were conducted in triplicate and repeated at least three times.
The half maximal inhibitory concentration (IC50) values
were defined as the concentration of drug producing 50%
inhibition of cell growth. The resistance index corresponded
to the ratio of IC50 values between the resistant and parental
cell lines. '

Blocking effect of adenosine
triphosphate-binding cassette

protein inhibitors

After incubation for 48 or 72 hours, cell viability was
measured by MTS kit. Fumitremorgin C at 5 uM or diethyl-
stilbestrol at 0.5 UM was used to block ABCG2, cyclosporine
A at 2.5 uM or verapamil at 1 uM was used to block P-gp,
and MK571 at 5 uM was used to block MRP1. The reversal
fold, obtained by IC50 of cytotoxic drug alone over IC50 of
cytotoxic drug in the presence of a modulator, was used to
indicate the potency of reversal.'¢

submit your manuscript

2250

Dove

OncoTargets and Therapy 2014:7


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Sunitinib-induced drug resistance in endothelial cells

Quantification of messenger

ribonucleic acid by qPCR

Adenosine triphosphate-binding cassette (ABC) pro-
tein inhibitors 1 UM verapamil, 2.5 UM cyclosporine A,
0.5 uM diethylstilbestrol, 5 uM fumitremorgin C, or 5 uM
MKS571 were used to treat HMEC-1 and HMECsu cells for
24 hours. After incubation, the cells were harvested and
total ribonucleic acid (RNA) was isolated using the SV
Total RNA Isolation System Kit (Promega Corporation),
and the purity of total RNA was measured by the ratio of
A260/A280 (>1.9) as described previously.' Total RNA
(50 ng) was taken to prepare the first-strand complementary
deoxyribonucleic acid (cDNA) in a 20 pL reaction solution
(the GoScript Reverse Transcription System Kit; Promega
Corporation). cDNA (2 uL) was used for qPCR in triplicate
using a TagMan® gene expression assay. The primers for
ABCG2 (Hs01053790_m1), P-gp (Hs01067802_m1), and
MRP1 (Hs00219905_m1), and the primers for TATA box
binding protein (TBP) (Hs99999910_m1) as controls were
used (Applied Biosystems). The qPCR was conducted by
10 minutes of denaturation, 44 cycles of 15 seconds at 95°C
and 60 seconds at 60°C in a BioRad CFX96® Real-Time
System. The Delta—delta Ct method was used to analyze the
gqPCR results. For messenger (m)RNA-level normalization,
TBP was set as control.

Western blot analysis

Whole cell lysates were used for Western blot. Briefly, the
cells were treated by a lysis buffer (1 mM EDTA, 10 mM
Tris pH 6.8, 10% NP40, 0.1% sodium dodecyl sulfate, | mM
phenylmethylsulfonyl fluoride) for 30 minutes on ice and
cell debris was removed. Protein concentration was mea-
sured using the BCA™ protein assay (Thermo Scientific,
Waltham, MA, USA). Each sample (50 ug protein) was
loaded on 8% sodium dodecyl sulfate polyacrylamide gel
electrophoresis, and the gels were transferred to a PVDF
membrane (the iBlot™ dry blotting system; Invitrogen,
Carisbad, NM, USA). Five percent nonfat dry milk was
used to block the membranes for 1 hour and incubated
with anti-MRP1 (ab-32574), anti-ABCG2 (ab-3380), or
anti-P-gp (ab-3364) antibodies (Abcam) at 4°C overnight.
After washing with Tris-buffered saline—-Tween buffer for
1 hour, the membranes were incubated with appropriate
secondary horseradish peroxidase-conjugated antibodies
(Invitrogen) in blocking buffer for 1 hour at room tem-
perature. Western blotting luminol reagent (Santa Cruz
Biotechnology, Dallas, TX, USA) was then applied to
the washed membranes and the chemiluminescence was

recorded with a Fuji LAS-3000 system. At the end, the
membranes were washed with antibody stripping buffer
(Gene Bio-Application Ltd, Tel Aviv, Israel) for the staining
of antiactin antibody (1:4,000 dilution, Sigma Chemical
Co) as a control. The ratio of blot density signal of specific
protein bands (ABC transporters) over control actin band
density signal is presented in “Results”.

Statistical analyses

One-way analysis of variance or Mann—Whitney U methods
were used to analyze the data as appropriate. The gPCR data
are presented as mean * standard error of the mean. Otherwise,
other results are presented as mean * standard deviation.
P-values =0.05 were considered as statistically significant.

Results
Endothelial cells resistant

to antiangiogenesis drugs

HMEC-1 cells are initially sensitive to Su treatment in our
experiments. In an attempt to induce drug resistance in
endothelial cells, we introduced progressively escalating
doses of Su into the cell culture medium for a duration
of approximately 12 weeks. When the cells had gradually
adapted to the conditions of higher concentrations of Su, the
population was maintained in a culture with 15 uM Su. We
noticed that the proliferation rate of the cells was slightly
slowed (replication time 50 hours for HMECsu cells versus
46 hours for HMEC-1 cells) without obvious changes in
morphology. As is shown in Table 1, a 5.49-fold increase
in drug resistance in the stabilized subcell lines HMECsu
as compared with their parental cells was observed with
the MTS assay. We assessed the stability of the Su-resistant
phenotype. By culturing HMECsu in the absence of Su for
2 weeks, we found that there was no significant change in
the resistance index (5.38 with IC50 =22.6 uM).

Table | Exposure to sunitinib induces multiple drug resistance

Agents HMEC-1 HMECsu Resistance
IC50 (uM)* 1C50 (uM)* index
Sunitinib 4.271£0.523 23.464+2.148 5.49
Doxorubicin 0.052+0.001 0.249+0.071 4.78
Vinblastine 0.158+0.032 0.571+0.085 3.6l
Paclitaxel 0.215+0.045 2.968+0.254 11.82

Notes: Human microvascular endothelial cells (HMEC-1) were cultured for 72 hours
in the presence of escalating concentrations of sunitinib and stabilized. MTS was used
to determine half maximal inhibitory concentration (IC50) for the four drugs. The
increases in IC50 for these drugs were statistically significant. Statistical analyses
showed P<<0.01 when comparing HMECsu cells with HMEC-1 cells in all of the tests.
*Means + standard error.

Abbreviations: HMECsu, sunitinib-resistant HMEC- | cells; MTS, 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.
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Multidrug resistance of endothelial cells
We then tested the resistance of these cells to other drugs.
The tests with three cytotoxic drugs, vinblastine, doxorubicin,
and paclitaxel, showed that compared with parental cells,
the Su-resistant endothelial cell lines were also resistant to
higher concentrations of these drugs (Table 1).

P-gp, ABCG2, and MRPI| were
upregulated in the endothelial cells

after long-term exposure to Su

We used qPCR to measure changes in drug efflux transporter
protein expression in the HMECsu cells. P-gp, ABCG2, and
MRP1 mRNA expression increased significantly in HMECsu
cells compared with parental cells (9.3-fold, 1.9-fold, and
2.7-fold increase, respectively) (Figure 1 A—C). We confirmed
the upregulation of P-gp and ABCG2 gene expression in
HMECdA2 endothelial cells that had been treated with doxo-
rubicin.!* Furthermore, we also determined the changes in
P-gp, ABCG2, and MRP1 mRNA levels with the inhibitors
of the three transporters, respectively. We found that the
presence of these inhibitors in the culture did not modify the
expression of P-gp, ABCG2, and MRP1 genes in HMECsu
(Figure 1A—C). There was no statistical difference in ABCG2
expression between HMECsu and the HMECsu plus fumi-
tremorgin C (Figure 1B).

We confirmed the increase in P-gp, ABCG2, and MRP1
protein expression using Western blotting. The results
showed an increase in P-gp, ABCG2, and MRP1 protein in
the HMECsu cells (Figure 1D). Thus, our results indicate that
Su resistance is associated with upregulated P-gp, ABCG2,
and MRP1 expression in HMECsu cells.

Effects of P-gp, ABCG2, and MRPI
inhibitors on the drug resistance

of endothelial cells

We evaluated cell survival after Su treatment in the pres-
ence of cyclosporine A, verapamil, fumitremorgin C,
diethylstilbestrol, and MK571 in the HMECsu cells. The
cells were treated with Su in the presence of 1) 2.5 uM
cyclosporine A or 1 UM verapamil (which blocks the
P-gp function), 2) 0.5 uM diethylstilbestrol or 5 uM
fumitremorgin C (which blocks the ABCG2 function), and
3) 5 uM MKS571 (which blocks the MRP1 function). The
results show that blocking the ABCG2, P-gp, or MRP1
functions did not restore significantly the sensitivity of the
HMECsu cells to Su (Table 2). In addition, the simultaneous
blockage of P-gp and ABCG?2 did not restore the sensitivity
of the HMECsu cells to Su.

We then checked cell survival after doxorubicin, paclitaxel,
and vinblastine treatment, respectively, in the presence of the
inhibitors of P-gp, ABCG2, and MRP1 in the HMECsu cells.
The results showed that ABC transporter inhibitors failed to
significantly restore drug efflux in these cells (Table 2).

Discussion
We previously described the work of obtaining
doxorubicin-resistant endothelial cells in vitro.'* As recent
studies have reported tumor resistance to Su, we extended our
investigation into long-term in vitro exposure of endothelial
cells to Su. The results show an acquisition of resistance to
Su with upregulated expression levels of P-gp, ABCG2, and
MRP1 in HMECsu endothelial cells. We show for the first
time that P-gp, ABCG2, and MRP1 expression is upregu-
lated in these stabilized Su-resistant endothelial cells. The
protein levels revealed by Western blots were found to have
significantly increased in these cells. Similarly, the gPCR
experiment demonstrated a 9.3-fold increase in P-gp gene
expression, a 1.9-fold increase in ABCG2 gene expression,
and a 2.7-fold increase in MRP1 gene expression. It is inter-
esting to note a higher ABCG2 level and high MRP1 expres-
sion in HMECsu cells compared with HMECd2 cells. It
indicates different mechanisms involved in induced resistance
of endothelial cells in response to Su and/or doxorubicin
treatment. We further show that the drug resistance induced
by Su in endothelial cells has a broad drug spectrum because
these cells are also resistant to doxorubicin, paclitaxel, and
vinblastine. The overexpression of ABC transporters has
been shown to be an adaptation of cells to toxic stress. The
mechanisms involved include gene regulation by hormone
and xenobiotic-sensing nuclear receptors and epigenetic
alternation, which could interfere with multiple drug resis-
tance (MDR)-ABC transcriptional regulation.’!”-!8

We found that the use of the inhibitors of ABC transport-
ers, such as the P-gp inhibitors cyclosporine A and verapamil,
the ABCG2 inhibitors fumitremorgin C and diethylstilbestrol,
and the MRP1 inhibitor MK571 had not affected the mul-
tiple drug resistance property in HMECsu. These results are
not surprising, because Su has been reported to block ABC
transportors’ efflux function.’ Like other cell-penetrating
small molecule TKIs, Su has been recognized to be both an
ABC transporters substrate and a blocker/chemosensitizer."
Reasonably, oversaturation of ABC transporters by Su can
explain why other blockers showed no effect in our study. The
unusual drug resistance property in HMECsu is interesting. It
may indicate the involvement of supplementary mechanisms
in the drug-resistant property of HMECsu. The functional
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Figure | Expression of ABC transporters in HMEC-1 cells and variant cell lines.

Notes: (A—C) qPCR results for P-gp, ABCG2, and MRPI mRNA levels in HMEC-| (C), HMECsu (or Hsu), and HMECd?2 cells. Cyclosporine A (C) at 2.5 UM or verapamil
(V) at | uM and ABCG?2 inhibitors fumitremorgin C (F) at 5 UM or diethylstilbestrol (D) at 0.5 uM and MK571 (M) at 5 UM were used to treat the cells for 72 hours. The
results were obtained from three independent experiments. The increase in P-gp, ABCG2, and MRP| mRNA levels in HMECsu cells was significant (P<<0.05) in comparison
with HMEC-| cells, whereas there was no statistical difference within the groups of HMECsu cells under different treatments (P>0.05). (D) Western blot of P-gp, ABCG2,
and MRPI levels in these cells. The data for the ratios were obtained from three repeated and independent blot experiments. *P<<0.05 versus the control cells.
Abbreviations: ABC, adenosine triphosphate-binding cassette; HMEC-I, human microvascular endothelial cells; HMECsu, sunitinib-resistant HMEC-1 cells; qPCR,
quantitative polymerase chain reaction; P-gp, P-glycoprotein; MRPI, multidrug resistance-associated protein |; mRNA, messenger ribonucleic acid.

redundancy of the ABC transporters could be a plausible
explanation. Probably, as is suggested by a study using an
in ex vivo tumor model, prosurvival pathways might also
contribute to the acquisition of Su resistance.? The elucida-
tion of unknown supplementary mechanisms needs further
investigation.

The research on cancer resistance to TKIs has recently
been intensified.?'?? Clearly, genetic mutation (in particular,
EGFR), alternative/compensatory signaling within the
tumor microenvironment, and intratumor heterogeneity may
concurrently contribute to cancer resistance to TKIs. The
acquisition of multiple drug resistance in endothelial cells
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Table 2 Effects of ABC transporter inhibitors on IC50

Agents HMEC-1 HMECsu Resistance Reversal
IC50 (uM)* IC50 (uM)*  index fold

Sunitinib 427110.523  23.4641+2.148 5.49 1.00
+ Vrp

I uM 4.052+0.234  21.292+1.081 525 1.10
+ CysA

2.5 uM 4.249+0.382  22.459+3.406 5.28 1.04
+ FumC

5uM 3.931+0.358  20.584+2.564 5.23 1.14
+ Die

0.5 uM 4.66510.544  19.213+3.056 4.12 1.22
+ MK571

5uM 5.102+0.321 23.214+4528 4.54 1.01
+ Vrp +

Fum C 4.328+0.221  22.645+3.794 5.23 1.03
Doxorubicin  0.052+0.001 0.249+0.071 4.78 1.00
+ Vrp

vl uM 0.051£0.002  0.256+0.057 5.02 0.97
+ CysA

2.5uM 0.049+0.004  0.221+0.082 451 1.08
+ FumC

5uM 0.053+0.002  0.213+0.063 4.02 1.16
+ Die

0.5 uM 0.048+0.001 0.289+0.024 6.02 0.86
+ MK571

5uM 0.051£0.003  0.238+0.096 4.67 0.95
Vinblastine  0.158+0.032  0.571+0.085 3.61 1.00
+ Vrp

I uM 0.143£0.008  0.656+0.057 4.58 0.87
+ CysA

2.5 uM 0.169+0.021 0.521+0.082 3.08 1.09
+ FumC

5uM 0.195£0.013  0.613£0.043 3.14 0.93
+ Die

0.5 uM 0.142£0.035  0.515£0.024 3.62 I.11
+ MK571

5uM 0.151£0.023  0.506+0.066 3.35 1.12
Paclitaxel 0.215£0.045  2.968+0.254 11.82 1.00
+ Vrp

I uM 0.203+0.065  2.651+0.412 13.05 .11
+ CysA

2.5 uM 0.199+0.083  3.120+0.186 15.67 0.95
+ FumC

5uM 0.235+0.051  2.756+0.169 11.72 1.07
+ Die

0.5 uM 0.183+0.059  2.581+0.368 14.10 1.14
+ MK571

5uM 0.23240.027  2.919+0.371 12.58 1.01

Notes: HMECsu was tested for IC50. MTS was used to determine IC50 for the
four drugs in the presence or absence of ABC transporter inhibitors. The cells were
treated for 72 hours. Statistical analyses showed P<<0.01 when comparing HMECsu
cells with HMEC-1 cells in all of the tests, and P>0.05 when comparing the data
within the groups. ¥*Means * standard error.

Abbreviations: ABC, adenosine triphosphate-binding cassette; [C50, half
maximal inhibitory concentration; HMEC-I, human microvascular endothelial cells;
HMECsu, sunitinib-resistant HMEC-1 cells; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; Vrp, verapamil; CysA,
cyclosporine A; FumC, fumitremorgin C; Die, diethylstilbestrol.

in vitro after long-term exposure to Su, as described by this
study, indicates the existence of the intrinsic resistance in
tumor vessels independent of genetic alternation or tumor
heterogeneity. It has been found that exposure to Su induces
Su resistance of cancer cells with epigenetic silencing of
the PTEN gene and a constitutive activation of RAS/RAF/
ERK pathway.?* It has also been reported that HGF/c-Met
overexpression and fibroblast growth factor 2 stimulation
contribute to the acquired resistance to Su.?*2¢

In a previous study, we showed that acquired multiple
drug resistance in endothelial cells could be induced by
long-term exposure to chemotherapeutic doxorubicin
in vitro and in vivo.'"* High P-gp expression was recently
found in tumor endothelial cells, probably in response to
VEGF stimulation.!*?’ Similar mechanisms may occur
when antiangiogenic drugs are administered in clinics.
Our data give rise to questions about the involvement of
acquired multiple resistances of tumor vessels in antian-
giogenic cancer therapies such as Su therapy. Great efforts
have been made to better understand drug resistance in
antiangiogenic therapy.® Our findings complement these
recent advances well. Further investigation is needed to
better understand the mechanisms underlying drug resis-
tance to targeted therapy.
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