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Abstract: Angiogenesis, the formation of new blood vessels, is an essential step for cancer 

progression, but antiangiogenic therapies have shown limited success. Therefore, a better under-

standing of the effects of antiangiogenic treatments on endothelial cells is necessary. In this study, 

we evaluate the changes in cell surface vascular endothelial growth factor receptor (VEGFR) 

expression on endothelial cells in culture treated with the antiangiogenic tyrosine kinase inhibi-

tor drug sunitinib, using quantitative flow cytometry. We find that proangiogenic VEGFR2 cell 

surface receptor numbers are increased with sunitinib treatment. This proangiogenic effect might 

account for the limited effects of sunitinib as a cancer therapy. We also find that this increase 

is inhibited by brefeldin A, an inhibitor of protein transport from the endoplasmic reticulum 

to the Golgi apparatus. The complex dynamics of cell surface VEGFRs may be important for 

successful treatment of cancer with antiangiogenic therapeutics.
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Introduction
In the 1970s, Judah Folkman proposed the hypothesis that the formation of new blood 

vessels (angiogenesis) was a critical factor in tumor progression,1,2 and angiogenesis 

has since been recognized as a hallmark of cancer.3 One of the primary factors driving 

angiogenesis is vascular endothelial growth factor A (VEGFA).4 VEGFA binds to 

tyrosine kinase receptors on vascular endothelial cells (VEGFR1 and VEGFR2).5 These 

receptors affect angiogenesis and cancer in different ways: activation of VEGFR2 

stimulates proliferation and migration of endothelial cells,6 whereas VEGFR1 stimu-

lation enhances endothelial cell migration7 and has also been shown to have antian-

giogenic effects.8 The VEGF pathways have also been shown to directly affect cancer 

cells, as many cancer cells express VEGFRs.9,10 In solid cancers, VEGFR2 activation 

causes cell proliferation and migration, and VEGFR1 has been shown to contribute 

to drug resistance in cancer cell lines.7 In light of this evidence, it was hypothesized 

that targeting the VEGF pathway would have anticancer effects.

Although angiogenesis is a valid therapeutic target in many types of cancer, anti-

angiogenic therapies have shown mixed success, including issues of having no effect 

on overall survival of breast cancer patients,11 drug resistance,12 increasing the number 

of cancer stem cells,13 and causing a more metastatic phenotype.11,14 Tyrosine kinase 

inhibitors (TKIs) such as sorafenib, pazopanib, and sunitinib; histone deacetylase 

inhibitors such as vorinostat; monoclonal antibodies to VEGF and VEGFR such as 

bevacizumab and ramucirumab; and a fusion receptor molecule, aflibercept, have been 
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approved for cancer therapy.6,15,16 Antiangiogenic therapy 

has been shown to play a role in enhancing drug delivery 

to the tumor site by normalizing the vasculature.17 Indeed, 

several solid tumors have shown increased response when 

antiangiogenic therapies were given in combination with 

chemotherapy.18 Jain et al have been investigating potential 

biomarkers of response to antiangiogenic therapy, such as 

circulating VEGFR1 and stromal cell-derived factor 1 alpha 

(SDF1α).19,20 Thus, a better understanding of how and when 

antiangiogenic therapies will be successful is needed.

Sunitinib is an inhibitor of VEGFR1, VEGFR2, VEGFR3, 

platelet-derived growth factor receptor β (PDGFR-β), and 

rearranged during transfection (RET).21 Sunitinib was 

approved by the US Food and Drug Administration in 2006 

for gastrointestinal stromal cancer,22 and in 2007 for advanced 

renal cell carcinoma.23 Here, we seek to understand its effect 

on the cell surface density of the VEGFRs. Other TKIs 

have overlapping targets with sunitinib: sorafenib targets 

VEGFR2, VEGFR3, and PDGFR, and pazopanib targets 

VEGFR1, VEGFR2, VEGFR3, and PDGFR.6 Sorafenib 

was approved by the US Food and Drug Administration for 

advanced renal cell carcinoma and hepatocellular carcinoma,6 

and pazopanib was approved in 2009 for advanced renal cell 

carcinoma.6 The VEGFR dynamics could serve as a potential 

biomarker or lead to the discovery of potential biomarkers.

Although we know that antiangiogenic drugs such as 

sunitinib affect endothelial cell migration and prolifera-

tion, its mechanism of action is not completely understood. 

Computational models can predict the dynamics of free and 

bound VEGF in vivo, but the current models assume that the 

number of cell surface receptors remains constant;24–28 thus, 

the models are limited in their predictions of antiangiogenic 

therapy. Previous studies have been effective at measuring the 

numbers of VEGFRs in vitro29 and in vivo.30,31 Although the 

changes in VEGFRs have been investigated under ischemia,32 

to our knowledge, the changes in surface receptors after anti-

angiogenic treatment have not been studied. Therefore, we 

investigate the changes in the number of VEGFR2 molecules 

on the endothelial cell surface after antiangiogenic treatment 

to better understand the cellular response to treatment.

Materials and methods
Cell treatment
HUVEC (human umbilical vein endothelial cells), MEC 

(microvascular endothelial cells), and bEnd-3 (immortalized 

mouse brain endothelial cells) were used in the study. 

HUVEC and MEC were purchased from Lonza (Walkersville, 

MD, USA) and grown in the recommended media: HUVEC 

in Endothelial Cell Growth Medium-2 (Endothelial Basal 

Medium-2 supplemented with the SingleQuot reagents) and 

MEC in Endothelial Cell Growth Medium-2-Microvascular 

(Endothelial Basal Medium-2-Microvascular with the Sin-

gleQuot reagents). bEnd-3 were purchased from American 

Type Culture Collection (Manassas, VA, USA) and grown in 

complete growth media Dulbecco’s Modified Eagle’s Medium 

with 10% fetal bovine serum. Endothelial cells were treated 

with sunitinib; in some experiments, the cells were also 

treated with VEGFA after washing out the sunitinib. Sunitinib 

was purchased from Sigma-Aldrich Co (St Louis, MO, USA), 

solubilized in 100% dimethyl sulfoxide (DMSO) at 1 mM and 

diluted to a working concentration of 40 µM in 5% DMSO/

H
2
O. Vehicle control was 5% DMSO/H

2
O. VEGFA was used 

at a final concentration of 20 ng/mL. In experiments in which 

both VEGFA and the inhibitors were used, the cells were 

incubated with the inhibitors for 1.5 hours at 37°C before a 

VEGFA treatment for 10 minutes. The cells were incubated 

with each inhibitor for 1.5 hours in all experiments. In one 

set of experiments, brefeldin A (Sigma-Aldrich), an inhibi-

tor of protein trafficking from the endoplasmic reticulum to 

the Golgi,33,34 was used to address the mechanism by which 

sunitinib was causing the increase in surface VEGFR2. For 

this experiment, cells were exposed to 1  µM brefeldin A 

for 1.5 hours before addition of 1 µM sunitinib for another 

1.5 hours. The cells were then washed and processed for 

receptor quantification, as described here.

Cell collection and antibody binding
After the treatments, the cells were washed with 10 mL phos-

phate buffered saline, and 3 mL trypLE (Gibco 12604-013; 

Thermo Fisher Scientific, Waltham, MA, USA) was added to 

each flask to disassociate the cells from the flask. The activity 

of trypLE was stopped by adding 3 mL trypsin neutralization 

solution (Gibco R002100), which does not contain serum. 

The cells were counted after resuspension and collected by 

centrifugation. All cell pellets were resuspended in stain buf-

fer (BD Biosciences, San Jose, CA, USA) at 4×106 cells/mL 

or 105 cells/25 µL.

Of the cells in stain buffer, 25 µL were transferred to 

flow cytometry-compatible polystyrene round-bottom tubes 

(BD Biosciences 352008), and 10 µL allophycocyanin- or 

phycoerythrin (PE)-labeled antibodies (anti-human VEGFR1, 

VEGFR2, VEGFR3, PDGFR-β, Tie-2, or CD31 from R&D 

Systems, Inc., Minneapolis, MN, USA) were added to the 

appropriate tubes. The samples were incubated in the dark 

at 4°C for 45 minutes. Untreated cells (100 µL) were used 

as the no-antibody control.
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Cell washing
After incubation was complete, 4 mL stain buffer was added 

to each of the tubes. All of the tubes were spun down in a 

Beckman Coulter Centrifuge at 1,400 rpm for 4 minutes at 

4°C. The liquid was then poured out from each tube, and the 

process was repeated at least once. About 150 µL stain buffer 

was added to the pellets in each tube after the final wash.

Flow cytometry
The FACSCalibur flow cytometer (BD Biosciences) was 

used for all the experiments. Three graphs were created for 

evaluating the data and creating a gate for the cells. First, 

the cells from the no-antibody control were run through the 

cytometer, and the events were gated to remove debris from 

the analysis (Figure 1A); this gate was used for all other 

samples. For the no-antibody control sample, 3,500 events 

(cell receptor counts) were collected (Figure 1B). For each 

of the remaining samples, 3,500 events were collected 

(Figure 1C and D).

Data analysis
The data analysis was conducted in FlowJo and Excel. 

Dot plots for side scatter and forward scatter were created. 

A gate was chosen to remove nonviable cells and debris from 

the analysis, which was used for all the samples. For the 

cellular samples, the geometric means of values of the events 

within the gate were calculated. The geometric mean of the 

no-antibody control was subtracted from all of the sample 
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Figure 1 Flow cytometry data.
Notes: (A) First the side scatter and forward scatter of the no-antibody control were plotted and the events were gated to remove debris. (B) A histogram of the vascular 
endothelial growth factor receptor 2 (VEGFR2) numbers for the no-antibody control was generated and the geometric mean was calculated. This was used to remove the 
background fluorescence from the calculation. A histogram of the number of VEGFR2 for the control (C) and treated (D) endothelial cells was generated, and the geometric 
mean calculated. Here it is clear that the treatment shifted the distribution to the right. All these plots show at least 3,500 events.
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geometric means to remove background noise. Although 

the geometric means of cell receptor counts calculated are 

quantitative, here we express changes in receptor numbers on 

treatment of cells relative to those of the untreated control.

Receptor quantification
In previous work from our laboratory, we quantified the 

actual number of receptors24,29–32 by using Quantibrite PE 

beads. Four populations of beads, each one loaded with a 

fixed number of PE molecules, allows the generation of a 

standard curve that can be used to estimate the number of 

receptors because the receptors are detected by antibodies 

also labeled with PE. Dot plots for side scatter and forward 

scatter for the beads were created, the population was gated, 

and a histogram of the FL2 data was created. For each of 

the four bead populations, a range of values was manually 

selected, and geometric means were calculated for each peak. 

Using the geometric means for each peak, linear regression 

was used to predict the equation of the line. We then used 

the equation to estimate the number of receptors, using 

r
num

=10^(log[µ
g
]+y

i
)/s, where r

num
 is the receptor number, µ

g
 

is the geometric mean, y
i
 is the y-intersect of the line, and 

s is the slope.

Relative receptor count
Although quantification was possible with some experiments, 

for experiments with sunitinib, this was not possible because 

sunitinib fluorescence overlaps with the fluorescence of the 

PE fluorophore, used in the Quantibrite beads. We used allo-

phycocyanin for experiments with sunitinib, but Quantibrite 

beads labeled with allophycocyanin were not available from 

BD Biosciences, and so quantification was not possible. For 

this reason, we plot the relative receptor numbers in which 

the controls are normalized to 100 receptor counts.

Immunoblot analysis
After removing the growth media from a confluent monolayer 

of HUVEC and MEC growing on 10 cm2 dishes, 2 mL of 

growth media was added with either vehicle or 1 µM sunitinib. 

The cells were incubated in the presence of compound for 

1.5 hours at 37°C. At that time, the cells were washed with 

ice-cold Dulbecco’s phosphate buffered saline and 500 µL 

cell lysis buffer (100 mM NaCl, 20 mM Tris-HCl at pH 8.0, 

1% Triton, 100 µL/mL protease inhibitor cocktail [Sigma 

Aldrich], 10 µL/mL phosphatase inhibitor 2, and 10 µL/mL 

phosphatase inhibitor 3 [Sigma-Aldrich]) was added to each 

dish. The dishes were rocked on ice for 2 hours, at which point 

the cells were scraped, collected, and centrifuged. The pellet 

was discarded. Thirty microliters of lysate was separated by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis, 

transferred to a nitrocellulose blot, and probed for VEGFR1 

and VEGFR2 proteins (anti-VEGFR1 and anti-VEGFR2 anti-

bodies from Cell Signaling Technology, Beverly, MA, USA) 

or phosphorylated VEGFR2 proteins (anti-p-VEGFR2 from 

Cell Signaling Technology) in an immunoblot assay.

Results
VEGFA treatment reduces the  
number of surface VEGFR2
In this article, we are interested in understanding the effects of 

(anti-)angiogenic signals on VEGFRs on the surface of endothe-

lial cells. VEGFA is a known stimulator of angiogenesis, and 

after VEGFA binds to VEGFR2, signaling and concomitant 

internalization of the receptor occur, leading to a decrease in the 

number of receptors on the cell surface.35 To determine whether 

we could detect this decrease using our method, we treated 

HUVEC or MEC with VEGFA for 10 minutes and counted 

numbers of surface receptors using flow cytometry (Figure 

2A and B). For this experiment in HUVEC, VEGFR1 was not 

reduced, whereas VEGFR2 was decreased (Figure 2A). In this 

experiment, in MEC, the numbers of VEGFR1 and VEGFR2 

were both significantly decreased (P,0.01) on the surface of 

the cells on VEGFA treatment (Figure 2B). The experiment was 

repeated at least five times with replicates of two to establish sig-

nificance. In both HUVEC and MEC, a statistically significant 

decrease in the number of surface VEGFR2 was observed. In 

MEC, VEGFR1 also showed a statistically significant decrease 

(data not shown).

In vivo VEGFA stimulation may occur over periods longer 

than 10 minutes, and thus we were interested in whether the 

length of time of exposure to VEGFA affected the response. 

To determine whether the response to VEGFA was time-

dependent, we examined the levels of VEGFR1 and VEGFR2 

on the surface of HUVEC, which were treated with VEGFA 

for 10 minutes, 4 hours (Figure 2C), or 24 hours (Figure 2D). 

Interestingly, we found that the number of VEGFR1 on 

the surface increased with increasing duration of VEGFA 

treatment (Figure 2C and D). With 10 minutes of VEGFA 

treatment, there was not much difference between the control 

and treated cells, but after a 4 hour treatment, the number of 

surface VEGFR1 increased by about 25%, and by 24 hours, 

the number of surface VEGFR1s was closer to three times that 

in untreated cells. Surface VEGFR2 levels were decreased at 

all three points. These trends, the increase of VEGFR1 and 

decrease of VEGFR2 during a 24 hour VEGFA treatment, 

are consistent with previous work.29
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Quantification of cell surface  
VEGFRs
Surface VEGFR1 and VEGFR2 were measured in HUVEC 

and MEC and quantified (Figure 3). Quantification was 

done using calibration Quantibrite beads to determine actual 

receptor numbers per cell. Using the quantified receptor 

numbers, we can accurately compare receptor numbers 

across cell types and different receptors. In both HUVEC 

and MEC, surface VEGFR2 numbers are higher than surface 

VEGFR1, in HUVEC by around four-fold (Figure 3A) and in 

MEC by about 15-fold (Figure 3B). In addition, the numbers 

of VEGFR2 surface receptors in MEC are greater than in 

HUVEC by around ten-fold. Our results are consistent with 

previous work done in our laboratory, but there were recep-

tor number variations, most likely because of differences in 

cell batches.29

Sunitinib treatment increases the  
number of VEGFR2 on the cell surface
Because changes in the number of surface VEGFRs with 

the angiogenic factor VEGFA could be detected using 

our method, we were next interested in the effects of 

antiangiogenic compounds on surface receptors. We found 

that 1 µM sunitinib increased the mean surface expression 

of VEGFR2 on MEC by 1.58-fold (Figure 3C). Using a 

Mann–Whitney–Wilcoxon one-tailed test, we found this 

result to be statistically significant (P,0.05). In contrast, the 

levels of surface VEGFR1 were not increased by sunitinib 

treatment (Figure 3C). Thus, this effect of increased number 

of cell surface receptors on sunitinib treatment seems to be 

specific to VEGFR2.

Cell surface VEGFR1 by sunitinib 
treatment is not statistically higher  
than control
Next, we wanted to determine whether changes in surface 

VEGFR1 levels that occurred on sunitinib treatment would 

be statistically significant if we increased the sample size. 

Therefore, we combined the results of at least three separate 

experiments on MEC, each with triplicates, leading to an 

N.9. To account for possible differences in surface recep-

tor numbers across experiments, we calculated the ratio of 

sunitinib over the control for each replicate to have a nor-

malized comparison. We used a z-test to determine whether 
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Figure 2 Changes in surface vascular endothelial cell growth factor receptor 1 (VEGFR1) and VEGFR2 on vascular endothelial cell growth factor A (VEGFA) application, 
shown as percentage of control.
Notes: The number of surface VEGF receptors in human umbilical vein endothelial cells (HUVEC) (A) and microvascular endothelial cells (MEC) (B) with and without a 10 
minute treatment with 20 ng/mL VEGFA was examined using flow cytometry. We show a representative example. The number of surface receptors was also measured after 
a 10 minute, 4 hour (C), or 24 hour (D) treatment of HUVEC with VEGFA. Surface VEGFR2 decreased after VEGFA application at all points. Surface VEGFR1, however, 
increased with increasing times of VEGFA application. **P,0.01.
Abbreviation: Ctrl, control.
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the ratio of sunitinib treated over control was statistically 

higher than 1 for VEGFR1 and VEGFR2 (Figure 3D). We 

found that the ratio of surface VEGFR2 on 1 µM sunitinib 

treatment over control was statistically higher than 1. In the 

same experiment, the ratio of sunitinib treated over control 

was not statistically different from 1 for VEGFR1. Because 

statistical significance did not change with the increased 

numbers of samples, we are confident in our sample numbers 

for significance.

Sunitinib treatment increases the  
number of VEGFR2 surface receptors  
on other endothelial cell lines
To determine whether the increase in VEGF2 surface 

receptors was limited to the dermal MEC endothelial 

cell line tested earlier, we tested HUVEC and bEnd-3 

cell lines as well. In both HUVEC and bEnd-3, VEGFR2 

was increased on the cell surface by sunitinib treatment 

(Figure 4A and B). The increase in the surface VEGFR2 

levels in HUVEC cells (Figure 4A) and bEnd-3 (Figure 

4B) was lower than in MEC. Using a Mann–Whitney–

Wilcoxon one-tailed test, we found the HUVEC results 

were not statistically significant, in agreement with the 

results shown earlier, whereas the increase in surface 

VEGFR2 in bEnd-3 was significant. Therefore, we con-

clude that the changes in VEGFR2 are not limited to 

dermal endothelial cells.

VEGFA treatment reduces the number 
of cell surface VEGFR2 on sunitinib 
treatment
Although our studies demonstrate that VEGFR2 increases 

on the cell surface upon sunitinib treatment, it is unclear 

whether these receptors are also active and can respond to 

stimuli. Because VEGFA reduces the number of surface 

VEGFR2 when applied alone, we wanted to test whether 

it would reduce the number of surface receptors after their 

numbers were increased by prior treatment with sunitinib. 

This would support the idea that the new VEGF2 surface 

receptors induced by sunitinib are indeed active. Therefore, 

we first treated the MEC with sunitinib or DMSO for 1.5 

hours, followed by 10 minutes of VEGFA application to both 

groups with the sunitinib still present. Our results show that 

in both the control and sunitinib-treated groups, the mean 

number of VEGFR2 decreased significantly after VEGFA 

treatment (P=0.05; Figure 4C).
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Other antiangiogenic drugs increase cell 
surface VEGFR2s similar to sunitinib
Other receptor tyrosine kinase inhibitors (RTKIs) with similar 

targets have been approved for renal cell carcinoma and hepa-

tocellular carcinoma along with sunitinib, such as pazopanib 

and sorafenib. Therefore, it is plausible that these drugs would 

have similar effects on VEGFRs as sunitinib, and this might 

indicate common mechanisms of action. To investigate these 

effects, we treated MEC with 1 µM pazopanib or sorafenib 

and measured the numbers of surface VEGFR1 and VEGFR2 

(Figure 4D). We found that similar to sunitinib, the mean 

numbers of surface VEGFR2 were significantly increased. 

The numbers of surface VEGFR1 were not significantly dif-

ferent on treatment with pazopanib and sorafenib.

Increase of cell surface VEGFR2 is 
dependent on sunitinib concentration
The increase in VEGFRs could vary depending on the concentra-

tion of sunitinib used, thus exhibiting a dose response. To exam-

ine this question, we treated MEC with varying concentrations of 

sunitinib (0.2, 1, and 5) and measured the numbers of receptors 

using flow cytometry. The numbers of surface VEGFR2 on cells 

treated with 0.2, 1, and 5 µM sunitinib were greater than the con-

trol (Figure 5A). We treated MEC with lower concentrations of 

sunitinib (0.04, 0.2, and 1 µM) and measured VEGFR2 surface 

receptors to further investigate the dose response. Using lower 

sunitinib concentrations, we found an increasing dose response 

with a plateauing effect at 0.2 µM (Figure 5B).

Sunitinib has varying effects  
on other receptors
Because sunitinib had different outcomes on VEGFR 1 and 

2, we wanted to investigate its effect on other angiogenic 

receptors. We treated MEC with sunitinib for 1.5 hours and 

investigated VEGFR3, PDGFR-β, CD31, and Tie-2 surface 

receptors (Figure 5C). We found that sunitinib treatment 

had little effect on the surface expression of VEGFR3 and 

PDGFR-β. Sunitinib lowered the number of surface Tie-2 

and CD31 receptors (Figure 5C), but this effect was not 

significant. In conclusion, sunitinib had the greatest effect 

on VEGFR2 among the angiogenic receptors tested.

The protein trafficking inhibitor  
brefeldin A counteracts sunitinib- 
induced surface receptor VEGFR2
The increase in surface VEGFR2 may use normal mecha-

nisms of protein transport used by other proteins transported 

to the surface. Brefeldin A is a lactone antibiotic produced 
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Figure 4 The response of various vascular endothelial cell growth factor receptors in different cell lines and R tyrosine kinase inhibitor treatment.
Notes: Human umbilical vein endothelial cells (HUVEC) (A) and bEnd-3 cells (B) were treated in triplicate with 1 µM sunitinib or vehicle for 1.5 hours. In both cell lines, 
surface vascular endothelial cell growth factor receptor 2 (VEGFR2) increased with sunitinib treatment, with significance for bEnd-3 cells at the 0.05 level. (C) Microvascular 
endothelial cells (MEC) were treated with sunitinib or vehicle with or without a 10 minute 20 ng/mL VEGFA treatment. Sunitinib attenuates the decrease in surface VEGFR2 
caused by VEGFA. (D) MEC were treated with 1 µM pazopanib or sorafenib for 1.5 hours. VEGFR2 was found to increase statistically with pazopanib or sorafenib treatment, 
whereas VEGFR1 did not show a significant effect. *P,0.05.
Abbreviation: Ctrl, control.
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by fungal organisms such as Eupenicillium brefeldianum, and 

it inhibits protein transport from the endoplasmic reticulum to 

the Golgi apparatus, resulting in an inhibition of net protein 

transport to the cell membrane.36,37 Brefeldin A caused a dra-

matic decrease in the surface VEGFR2 in MEC (Figure 5D). 

Although sunitinib enhanced the number of surface VEGFR2 

in the absence of brefeldin A, VEGFR2 level was reduced to 

approximately the same number of receptors as the control 

in the presence of brefeldin A. These decreases in receptor 

levels are significant. In these experiments, brefeldin A was 

added before sunitinib, and both compounds were present 

simultaneously after that.

Sunitinib treatment caused a decrease  
in total VEGFR1 but a slight increase  
in total VEGFR2
One possible explanation for the increase in cell surface 

receptors is that the total amount of protein (ie, cell surface 

and intracellular) in the cell increases on sunitinib treatment. 

Although this is unlikely because of the fact that receptor 

changes on the cell surface occur quickly, it is important 

to rule this out as a possibility. To investigate this, we 

performed immunoblots on MEC and HUVEC after 1.5 hours 

of treatment with vehicle and 1 µM sunitinib (Figure 6A). 

Interestingly, total VEGFR1 decreased on sunitinib treatment 

(Figure 6B), whereas total VEGFR2 increased slightly in 

both HUVEC and MEC (Figure 6C). However, the slight 

increase in total VEGFR2 did not account for the increased 

surface levels in MEC on sunitinib treatment.

VEGFA induces phosphorylation of cell 
surface VEGFR2 after sunitinib treatment
To verify that the increased surface VEGFR2 after sunitinib 

treatment were indeed active, we measured pVEGFR2 

in b-End3 that were treated with sunitinib or treated with 

VEGFA after first treating with sunitinib using immunoblots 

(Figure 7). We found that the amount of pVEGFR2 in cells 

first treated with sunitinib followed by VEGFA was higher 

than that in cells treated with sunitinib alone. This supports 

the fact that the increased surface VEGFR2 after sunitinib 

treatment are indeed active.

Discussion
We have used flow cytometry to understand the effects 

of the antiangiogenic drug sunitinib on VEGFRs on the 

endothelial cell surface. We find that sunitinib treatment 
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caused proangiogenic VEGFR2 numbers on the cell surface 

to significantly increase in MEC and bEND-3 cells, but not 

in HUVEC. Tumors have microvascular endothelial cells 

that resemble MEC more closely than HUVEC. Our result 

that sunitinib increases the levels of surface VEGFR2 on 

microvascular endothelial cells could thus be very important 

for the antiangiogenic treatment of tumors. The effects of 

sunitinib were shown to be concentration-dependent, with the 

increases in cell surface receptor correlating with increasing 

drug concentration up to a maximum level. Interestingly, 

pazopanib and sorafenib, which are also RTKIs, cause an 

increase in the number of surface proangiogenic VEGFR2 on 

endothelial cells. We also find that this increase is a specific 

response and that other cell surface receptors (VEGFR1, 

VEGFR3, PDGFR-β, and Tie-2) are unaffected by sunitinib 

treatment.

Because VEGFR2 is known to stimulate angiogenesis,6 its 

increase on sunitinib treatment is surprising. Thus, we tried 

to understand the mechanism for this result. First, we wanted 

to investigate whether sunitinib treatment increased the total 

amount of receptors in the cell without changing the total 

receptor distribution. To investigate this, we measured the 

total amount of VEGFR2 by immunoblot. In both HUVEC 

and MEC, we found that total VEGFR2 increased slightly 

with a 1.5 hour sunitinib treatment, which could partially 

account for the increase in surface VEGFR2, but there is 

probably an increase in VEGFR2 shuttled to the surface of 

the cell as well. In contrast to this result, we found that the 

total amount of VEGFR1 decreased after sunitinib treatment 

for both HUVEC and MEC, whereas the number of surface 

receptors remained similar to control. This suggests that 

although total VEGFR1 goes down on sunitinib treatment, 

more of the receptors shuttle to the surface of the cell, so that 
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Notes: The total numbers of VEGFRs were measured with immunoblots (A). Microvascular endothelial cells (MEC) and human umbilical vein endothelial cells (HUVEC) 
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the levels of surface VEGFR1 seen with or without sunitinib 

treatment are comparable. Taking both results into account, it 

appears that sunitinib increases the shuttling of both VEGFR1 

and VEGFR2 to the surface of the cell.

Because the magnitude of the increase in the number of 

surface VEGFR2 could not be explained by an increase in 

total receptors alone, we wanted to investigate whether the 

distribution of the receptors changed. Brefeldin A is a known 

inhibitor of protein transport from the endoplasmic reticu-

lum to the Golgi apparatus.33,34 If we first blocked receptor 

transport to the surface with brefeldin A and reduced the 

number of VEGFR2 on the cell surface, if sunitinib was able 

to increase the surface expression of these receptors, it must 

increase receptor externalization. Thus, we treated MEC 

with brefeldin A and then with either sunitinib or vehicle, 

without washing out the brefeldin A, and then measured the 

number of surface receptors. In agreement with our predic-

tion, brefeldin A almost completely eliminated VEGFR2 

from the cell surface when applied alone or together with 

sunitinib (Figure 6B). This result implies that sunitinib is 

not able to overcome the effects of brefeldin A by increasing 

receptor externalization.

Understanding the specif ic effects of sunitinib on 

endothelial cells is important because although it is antian-

giogenic, it has also been found to increase metastasis more 

than other antiangiogenic treatments.38 Because sunitinib is 

antiangiogenic, it is unexpected that it increases the number 

of VEGFRs on the surface of the cell, and thus increases 

the potential angiogenic stimulation from the VEGFR2. It 

is possible, however, that the receptors that go to the plasma 

membrane on sunitinib treatment are not functional or 

have activities and properties that are subtly different from 

the normal receptors. One obvious type of difference could 

be changes in the phosphorylation of constitutively phospho-

rylated amino acids because of inhibition by a tyrosine kinase 

inhibitor. These differences may cause the newly transported 

receptors to signal in new ways or have novel interactions with 

the usual interacting partners or with other proteins. These 

new properties could lead to increased metastasis in unknown 

ways. Although there may be subtle differences in the newly 

transported receptors, as just discussed, these new receptors 

appear to be responsive to VEGFA. As shown in Figure 4C, 

VEGFA treatment after sunitinib treatment, which increases 

the number of surface VEGFR2, causes a dramatic decrease 

in the number of surface VEGFR2. In addition the new sur-

face VEGFR2 can be phosphorylated on VEGFA treatment, 

just like normal VEGFR2, as shown in Figure 7. These two 

results strongly suggest that the sunitinib-mediated increase 

in the number of cell surface VEGFR2 that we report here 

are active and inducible by VEGFA. Sunitinib is taken once 

daily by patients. In between two doses, the levels of sunitinib 

decrease, but the levels of VEGFA secreted by the tumor 

persist. If the increased number of surface VEGFR2 persists 

when the concentration of sunitinib nears its trough, VEGFA 

could enhance angiogenesis, causing tumor growth.

Our work suggests that sunitinib most likely promotes the 

transport of VEGFR2 using the normal transport pathway for 

this receptor. The question of how it promotes that transport 

is not answered in this study. One possible mechanism is 

that the kinase-inhibiting activity of sunitinib is essential for 

VEGFR2 transport. Sunitinib is a “dirty” kinase inhibitor 

with off-target inhibitory effects on many kinases.39 It is 

possible that the VEGFR2 transport pathway is modulated 

by a kinase or a substrate of a kinase that is inhibited by 

sunitinib. We would postulate that this kinase or kinase 

substrate is an inhibitor of the pathway and that when it is 

inhibited by sunitinib, the efficiency of transport increases. 

In this study, we did not find any other receptor in amounts at 

the cell surface that were reproducibly increased by sunitinib; 

however, this was just a small subset of proteins, and it is 

possible that there is a class of receptor proteins all of which 

depend on the same sunitinib-responsive factor for transport 

to the cell surface. We did not study the other RTKIs in as 

much detail as sunitinib, but we would hypothesize a similar 

mechanism by which these agents increase the number of 

surface VEGFR2 on endothelial cells. In fact, a thorough 

analysis of the common kinases inhibited by all 3 RTKIs 

may help us narrow down the list of kinases that could be 

responsible for regulation of VEGFR2 transport under physi-

ological conditions, as postulated earlier.

In conclusion, this study has examined the effects of 

VEGF surface receptor numbers after antiangiogenic treat-

ment in vitro. We find an increase in VEGFR2 numbers with 

treatment, which might be a cellular response to the sunitinib 

treatment that activates the angiogenic pathway. Perhaps this 

response could be attenuated by coadministration of another 

agent or by a modified form of sunitinib. We would postulate 

that these changes would result in a better antiangiogenic 

therapeutic and perhaps a better cancer drug, as well as a 

lower probability of increase in metastasis.
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