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Abstract

Auranofin is a gold compound initially developed for the treatment of rheumatoid arthritis. Recent 

data suggest that auranofin has promise in the treatment of other inflammatory and proliferative 

diseases. However, the mechanisms of action of auranofin have not been well defined. In the 

present study, we identify vascular endothelial growth factor receptor-3 (VEGFR3), an endothelial 

cell (EC) surface receptor essential for angiogiogenesis and lymphangiogenesis, as a novel target 

of auranofin. In both primary EC and EC cell lines, auranofin induces downregulation of VEGFR3 

in a dose-dependent manner. Auranofin at high doses (≥1 μM) decreases cellular survival protein 

thioredoxin reductase (TrxR2), TrxR2-dependent Trx2 and transcription factor NF-κB whereas 

increases stress signaling p38MAPK, leading to EC apoptosis. However, auranofin at low doses 

(≤0.5 μM) specifically induces downregulation of VEGFR3 and VEGFR3-mediated EC 

proliferation and migration, two critical steps required for in vivo lymphangiogenesis. 

Mechanistically, we show that auranofin-induced VEGFR3 downregulation is blocked by 

antioxidant N-acetyl-L-cysteine (NAC) and lysosome inhibitor chloroquine, but was promoted by 

proteasomal inhibitor MG132. These results suggest that auranofin induces VEGFR3 degradation 

through a lysosome-dependent pathway. Auranofin may be a potent therapeutic agent for the 

treatment of lymphangiogenesis-dependent diseases such as lymphedema and cancer metastasis.
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INTRODUCTION

The gold compound Auranofin is a metal phosphine complex that was developed for a 

treatment of rheumatoid arthritis as gold-based drugs 1. Recent data suggest that auranofin 
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has promise in the treatment of other inflammatory and proliferative diseases 2. However, 

the mechanisms of action of auranofin have not been well defined.

Lymphatics play a substantial role in conditions such as chronic airway inflammation, tumor 

growth and metastasis, rheumatoid arthritis, inflammatory bowel disease, renal and corneal 

transplant rejection, and atopic dermatitis and psoriasis 3. Lymphatic vessels express distinct 

cellular markers such as Prox-1, podoplanin 4, lymphatic vessel endothelial hyaluronan 

receptor-1 (LYVE-1) 5 as well as surface receptors VEGFR2 and VEGFR3. VEGFR3 is 

expressed in the blood endothelium during development, but is restricted to the lymphatics 

in the adult with the exception of few blood capillaries in some organs 6 as well as the 

microvasculature of tumors and wounds 7. Therefore, VEGFR3 is critical for 

lymphangiogenesis and lymphangiogenesis-associated diseases 8.

To determine whether auranofin regulates lymphangiogenesis, we investigated the effects of 

auranofin on endothelial cell (EC) survival, proliferation and migration in the mouse 

lymphatic endothelial cell line (SVEC) and in primary human lymphatic EC (HLEC). Our 

data demonstrate that auranofin at high doses induces EC apoptosis while at low dose 

specifically inhibits VEGFR3 expression and VEGFR3-dependent EC proliferation and 

migration. To the best of our knowledge, this is the first report to demonstrate that auranofin 

inhibits VEGFR3 and lymphangiogenesis.

MATERIALS AND METHODS

Reagents

Auranofin, SB203580, NAC, and chloroquine were purchased from Sigma-Aldrich (St. 

Louis, MO). MG132 was from Millipore (Billerica, MA). VEGFR3 antibody for Western 

blotting was from eBioscience (San Diego, CA, USA) and for immunostaining was from 

R&D Systems (Minneapolis, MN). TrxR2 and Trx2 antibodies were from ABCAM 

(Cambridge, MA). Other primary antibodies were purchased from Cell Signaling 

Technology (Danvers, MA, USA). HRP-linked antibodies were from GE Healthcare Bio-

Sciences Corp (Piscataway, NJ, USA). Alexa Fluor 488- or 594-conjugated secondary 

antibodies were from Life Technologies (Grand Island, NY, USA).

Cell culture

Human dermal lymphatic endothelial cells (HLEC) (HMVEC-dLyAd) were purchased from 

Lonza, and were cultured in EGM-1 MV media on cell culture dishes coated with 

fibronectin (10 μg/ml) as we described previously 9. For characterization, cells were stained 

with Prox-1 and podoplanin, nuclear and transmembrane markers for HLEC, respectively. 

Earlier passage cells were >95% positive for LEC markers. All experiments were performed 

in early passages (passages 3–6) and cells remained Prox-1 positive. SVEC cell line 

(ATCC® CRL-2181™) is a mouse endothelial cell line derived by SV40 (strain 4A) 

transformation of endothelial cells from axillary lymph node vessels. SVEC cells were 

cultured in Dulbecco’s modified Eagle’s medium with 4mM L-glutamine adjusted to contain 

1.5 g/L sodium bicarbonate and 4.5 g/L glucose, 10% heat-inactivated fetal bovine serum, 
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100 units/ml Penicillin, and 100 μg/ml Streptomycin, at 37°C in a humidified incubator with 

5% CO2 atmosphere.

Cell growth inhibition assay

[Berridge MV, Herst PM, and Tan AS. Tetrazolium dyes as tools in cell biology: new 

insights into their cellular reduction. Biotechnology Annual Review, 11: 127–152 (2005)]. 

The SVEC cells (1×104/well) were seeded into 96-well culture plates and cultured at 37°C 

in a 5% CO2/air environment for 12 h. After cells were treated with different dose of 

auranofin for 4–24 h, 10 μL solution of MTT (0.5mg/mL in PBS) was added to each well. 

After incubation 4h, the MTT agent was removed and the formazan particles were 

solubilized with 150 μl DMSO. The absorbance was read at 570 nm with a microplate reader 

X-wave BioTek Synergy (BioTek Instruments). Cell viability was expressed as a percentage 

of control.

Assay for Apoptosis

SVEC (10×104/well) were seeded 12-well culture plates and cultured at 37°C in a 

humidified incubator with 5% CO2 for 12 h. After cells were treated with 1 μM and 2 μM 

auranofin for 4h, Incubate the cells in 0.5mL Annexin-binding buffer 10 mM HEPES, 140 

mM NaCl, and 2.5 mM CaCl2, pH 7.4 with 5uL Annexin V conjugated Alexa-Fluor® 488 

Life Technologies, A13201 and 1 uL Hoechst3342 ( Life Technologies) at room temperature 

for 15 min. Apoptosis of cells were observed using a Zeiss Axiovert 200 fluorescence 

microscope (Carl ZeissMicroImaging; Thornwood, NY), and images were captured using 

Openlab3 software (Improvision, Lexington, MA).

Cell migration assay

For monolayer migration, SVEC were seeded in 12-well tissue culture plates and grown to 

confluence. Cells were serum starved for 12 h and were then subjected to “wound injury” 

assay with a 200 μl plastic pipette tip. Fresh media containing 3% serum alone or serum with 

VEGF-C (50 ng/m) in the absence or presence of 0.25 μM auranofin. Cell were cultured for 

12 h. The SVEC migration in culture was determined by measuring wound areas in cell 

monolayers. Wound images were captured by a digital camera under a Zeiss Axiovert 

microscope (10X). Wound healing (% wound closure) was measured and analyzed by NIH 

Image 1.60 9.

Gene expression

Total RNAs were isolated from cells by using the RNeasy kit with DNase I digestion 

(Qiagen, Valencia, CA). Reverse transcription (RT) was done by standard procedure 

(iScript™ cDNA Synthesis Kit) using 1μg total RNA. Quantitative real-time polymerase 

chain reaction (PCR) was performed by using iQ™ SYBR® Green Supermix on iCycler real 

time detection system iQ™ SYBR® Green Supermix (Bio-Rad Laboratories, Inc, Hercules, 

CA). RT-PCR with specific primers were described previously 9.
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BrdU incorporation assay in vitro

BrdU incorporation assay was performed as we described previously 10. Briefly, SVEC were 

grown on 0.1% gelatin-coated glass chamber slides for 12 h. Cells were treated with 0.25 

μM auranofin for 12h, and then incubated with 10 μM BrdU for 4 h prior to fixation with 4% 

PFA for 30 min at room temperature. Once fixed, cells were acid denatured with 2M HCl in 

0.1% PBS-Tween for 30 min and then washed three times in PBS. Cells were then 

permeabilized and blocked nonspecific epitopes by 1%BSA/10% normal horse serum in 

0.1% PBS-Tween for 1 h following by primary anti-BrdU antibody and secondary antibody 

incubation.

Western Blot Analysis

All Immunoblotting were performed as previously described10. In brief, SVEC were treated 

by auranofin, cells were washed two times by cold PBS and lysed in cold 1×SDS buffer. 

Then, protein samples were boiled for 10 min, resolved in 8~10% polyacrylamide gels and 

transferred to polyvinylidene difluoride membrane and blocked with 5% milk diluted in PBS 

containing 0.05 % Tween20 (PBST). Membranes were then immunoblotted with the 

specified antibodies (1:1000 dilution in PBST) using horseradish peroxide-conjugated 

secondary antibodies (1:2,000 dilution; GE Healthcare Life Sciences/Amersham 

Biosciences) and enhanced chemiluminescence detection system (GE Healthcare Life 

Sciences, Amersham Biosciences).

Immunofluorescence microscopy (IF)

SVEC were grown on fibronectin-coated glass chamber slides for 12h. Cells were then 

treated by auranofin as indicated. Cells were fixed with 4% PFA in PBS for 15 min at room 

temperature, permeabilized with 0.1% triton-X buffer, blocked in 1% horse serum diluted in 

PBS for 1 h and stained 2 h at room temperature or 4 °C overnight using specified 

antibodies, followed by Alexa Fluor 488- or 594-conjugated secondary antibodies (donkey 

anti-goat, donkey anti-rabbit or donkey anti-mouse or a combination for double IF diluted at 

1:1000 in PBST). Slides were observed using a Zeiss Axiovert 200 fluorescence microscope 

(Carl ZeissMicroImaging; Thornwood, NY), and images were captured using Openlab3 

software (Improvision, Lexington, MA).

Statistical Analysis

Experiments were carried out at least in triplicate and results were expressed as mean± 

SEM. Statistical analysis was performed using SPSS statistical package (SPSS 16.0 for 

Windows; SPSS, Inc. Chicago, IL). Difference between two groups was analyzed by two-

tailed Student’s t test, and that between two or more groups was analyzed by one-way 

ANOVA multiple comparisons followed by Bonferroni’s post-hoc test. Difference with 

P<0.05 (*) or P<0.01 (**) was considered statistically significant.
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RESULTS

Auranofin inhibits cell growth and induces cell apoptosis in a dose-dependent manner

Studies in tumor cells have suggested that auranofin, a gold complex (Fig. 1A for structure), 

induces mitochondrial dysfunction and cell death 1d, 11. However, the responses of 

endothelial cells (EC) to auranofin have not been investigated. To this end, we examined the 

effects of auranofin on cell viability in primary EC and several EC lines by MTT assay. 

Auranofin treatment of SVEC (an SV40 T antigen-immortalized lymphatic EC line 

expressing both VEGFR2 and VEGFR3) resulted in decrease of EC viability in dose- and 

time-dependent manner. Treatment of auranofin for 12 h caused significant reduction of cell 

survival at ≥ 1 μM but not at lower doses (≤0.5) (Fig. 1B). Annexin-V and Hoechst-3342 

double staining revealed that auranofin at ≥ 1 μM induced EC apoptosis (Fig. 1C with 

quantification in D). These data suggest that auranofin induces mitochondrial dysfunction 

and EC apoptosis at high concentrations.

Auranofin at a high dose inhibits EC survival and induces EC apoptosis

Auranofin has been shown as an inhibitor of thioredoxin reductase (TrxR; both cytosolic 

TrxR1 and mitochondrial TrxR2) and induces apoptosis in several cancer cell lines where 

auranofin at high doses activates ROS generation, p38 mitogen-activated protein kinase 

(p38MAPK) with reduction of the survival transcription factor NF-κB 1d, 11–12. To elucidate 

the intracellular mechanisms of EC mitochondrial dysfunction and apoptosis induced by 

auranofin, we measured expression of TrxR2, Trx2, generation of ROS, activation of 

p38MAPK, and reduction NF-κB activity. Correlating with the effects of auranofin on EC 

survival, auranofin at high doses (≥1 μM) induced significant reductions in expression of 

TrxR2 and Trx2 (Fig. 2A), the critical anti-oxidant system in the mitochondria 13. Therefore, 

auranofin induced mitochondrial ROS generation in a concentration-dependent manner as 

measured by mitochondrial ROS probe Dihydrorhodamine 123, which can be blocked by 

anti-oxidant N-acetyl-cysteine (NAC) (Fig. 2B). Auranofin at high doses also induced 

phosphorylation of p38MAPK with a reduction in phosphorylations of NF-κB as previously 

reported in other cell types. Interestingly, we observed significant reduction in expression of 

the EC-specific survival receptor VEGFR3 at various concentrations (Fig. 2A). As we 

reported recently 9, protein analysis of VEGFR-3 by Western blot revealed 3 bands (Fig. 

1E). While the band at 175 kDa is considered to be the intracellular and unglycosylated 

precursor, the band with molecular weight 125 kDa represents the mature form of 

VEGFR-3 14. SVEC is immortalized EC cell line where another important survival receptor 

VEGFR2 is expressed at a very low level. We therefore examined effects of auranofin in 

primary human lymphatic EC (HLEC) which express both VEGFR3 and VEGFR2 8a. 

Auranofin induced activation of p38MAPK (Fig. 2C) and ROS generation (Fig. 2D) in 

HLEC as observed in SVEC. In these primary EC auranofin also induced a significant 

downregulation of VEGFR3 even at a low dose (≤0.5 μM), but only weakly reduced the 

expression of VEGFR2 (Fig. 2C).

Auranofin specifically reduces VEGFR3 at a low dose

We then investigate the mechanism by which auranofin at a low dose (≤0.5 μM) specifically 

downregulates VEGFR3 in SVEC. Cells were treated with a low dose of auranofin (0.25 
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μM) for various times (0–24 h), and VEGFR3 and protein were determined. Results 

indicated that auranofin induced downregulation of VEGFR3 protein without significant 

alterations on VEGFR3 mRNA (Fig. 3A). LYVE-1, a specific marker for lymphatic EC, was 

not affected by auranofin at its mRNA or its protein level. Auranofin at a low dose had no 

effect on the activation of p38MAPK (Fig. 3B). The downregulation of VEGFR3 in SVEC 

was further confirmed by indirect immunofluorescence staining. Consistent with the 

immunoblotting results, auranofin significantly reduced VEGFR3 immunostaining with no 

effects on LYVE-1 (Fig. 3C).

Auranofin induces VEGFR3 degradation via a lysosome-dependent pathway

Recently we have demonstrated that VEGFR3 stability is regulated in EC 10. Since VEGFR3 

mRNA was not significantly altered by auranofin, we examined how VEGFR3 protein is 

regulated by auranofin. We first examined if auranofin induced ROS generation is required 

for VEGFR3 downregulation. SVEC were incubated with auranofin in the absence or 

presence of anti-oxidant NAC or p38MAPK inhibitor SB203580 compound. Consistent with 

that auranofin at 0.25 μM induces a low level of ROS but not activation of p38MAPK, 

auranofin-induced VEGFR3 downregulation was blocked by NAC but not by p38MAPK 

inhibitor (Fig. 4A). Of note, p38MAPK inhibitor (which blocks p38MAPK kinase activity 

towards its substrates) stabilized phosphor-p38MAPK.

To determine which degradation pathway is involved in VEGFR3 degradation, SVEC were 

treated with auranofin in the presence of proteasomal inhibitor MG132 or lysosomal 

inhibitor chloroquine (CHQ) 15. Results showed that CHQ, but not MG312, significantly 

blocked auranofin-induced VEGFR3 degradation in SVEC (Fig. 4B). Surprisingly, MG132 

alone strongly induced degradation of VEGFR3. These data indicate that auranofin induces 

VEGFR3 downregulation through a lysosome-dependent degradation pathway.

Auranofin at a low dose inhibits VEGFR3-dependent EC proliferation and migration

We have recently shown that VEGFR3 is critical for VEGF-C-induced EC proliferation and 

migration, two critical steps for lymphangiogenesis in vivo 9–10. We finally examined the 

effects of auranofin on VEGF-C-induced SVEC proliferation and migration. The effect of 

auranofin on SVEC proliferation was detected by BrdU incorporation assay in vitro. Under 

normal culture media with growth factors containing VEGF-C, treatment of auranofin at 

0.25 μM for 12h significantly reduced BrdU+ SVEC cells (Fig. 5A with quantification in 

5B), suggesting that a low dose of auranofin reduced SVEC proliferation.

To determined effects of auranofin on EC migration, SVEC migration was stimulated with 

VEGF-C in the presence or absence of 0.25 μM of auranofin, and cell migration was 

assessed by a scratch wound assay. Auranofin significantly reduced both basal and VEGF-C-

induced wound closure with more profound effects on VEGF-C-induced EC migration (Fig. 

5C with quantifications in 5D by comparing ARF effects on basal and VEGF-C-induced 

migration). In other words, VEGF-C had stronger responses in promoting LEC migration in 

the absence of auranofin (Fig. 5E by comparing VEGF-C responses in the absence and 

presence of ARF). In contrast, High doses (≥ 1 μM) of auranofin induced LEC apoptosis and 

completely blocked both basal and VEGF-C-induced LEC migration (not shown). These 
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data indicate that auranofin at a low dose specifically inhibits VEGFR3-dependent 

lymphangiogenesis.

DISCUSSION

In the present study, the molecular mechanisms underlying the auranofin-induced inhibition 

of lymphangiogenesis in vitro were investigated. The results of this study are summarized in 

a schematic representation (Fig. 6). Auranofin at a high dose causes cell apoptosis by 

downregulating survival factors TrxR2, Trx2 and NF-κB, while activating p38MAPK, 

leading to EC apoptosis (see Fig. 1) and complete blockade of EC migration. Auranofin at a 

low dose inhibits VEGFR3 expression, VEGFR3-dependent EC proliferation and migration. 

Therefore, we have identified VEGFR3 as a novel target of auranofin. Moreover, we show 

that auranofin-induced VEGFR3 downregulation is blocked by antioxidant NAC and 

lysosome inhibitor chloroquine, but promoted by proteasomal inhibitor MG132. Our data 

reveal a novel mechanism by which auranofin specifically regulates VEGFR3 degradation 

through a lysosome-dependent pathway in lymphatic EC.

Auranofin has been widely used as a Trx reductase inhibitor. Therefore, despite the decline 

in its clinical applications in rheumatoid arthritis, auranofin shows promise in the treatment 

of several different diseases, including leukemia, carcinoma, and parasite, bacterial and viral 

infections. This is because the Trx reductase system and its thiol redox activity are important 

for cell survival and proliferation 13a, 16. TrxR2 converts Trx2 from an oxidized inactive 

form of Trx2 to a reduced active. Our results show that auronafin treatment causes reduction 

of Trx2 protein, suggesting that TrxR2 may stabilize Trx2 in EC and oxidized Trx2 is more 

accessible for degradation. Auronafin induces ROS generation and ROS-activated 

p38MAPK in EC, likely resulting from the reduction of the TrxR2-Trx2 proteins 13. In 

addition, Trx reductase is also known to maintain NF-κB p65 protein 

stability 1d, 11–12, 16–17. Consistent with this notion, we have observed that auranofin, by 

inhibiting Trx reductase activity, induces downregulation of NF-κB p65.

Auranofin, as Trx reductase inhibitor, has also been used as a tool to define cellular thiol-

dependent signaling pathway and their functions. For example, Auranofin was used by Dr. 

Dean Jones group to specifically inhibit Trx reductase without oxidation of the GSH/GSSG 

while buthionine sulfoximine was used to deplete GSH without detectable oxidation of Trx1. 

Based on this specificity of auranofin, they have shown that auranofin can modify proteins 

associated with cellular glycolysis, cytoskeleton remodeling, protein translation and cell 

adhesion 18. Consistent with their findings, we have observed that auranofin at a high dose 

(2 μM) strongly disrupts cytoskeleton and EC-junctions as visualized by phalloidin and anti-

ZO-1, respectively (Supplemental Fig. S1).

The most novel finding in our work, by examining effects of auranofin at a low dose on 

lymphatic EC, is the identification of VEGFR3 as a specific target of auranofin. Auranofin at 

a low does not induce EC apoptosis, correlating with its lack of effect on protein expression 

of TrxR2, Trx2, NF-κB p65 or p38MAPK activation. However, auranofin at a low dose 

specifically reduces VEGFR3 protein in both immortalized lymphatic EC lines and primary 

lymphatic EC with no effect on lymphatic EC marker LYVE-1. Since auranofin at a low 
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dose reduces VEGFR3 protein but not VEGFR3 mRNA levels, we have explored potential 

mechanisms by which auranofin induces VEGFR3 degradation. Our surprising finding is 

that a lysosomal inhibitor chloroquine, but not a proteasomal inhibitor MG132, blocks 

auranofin-induced VEGFR3 degradation; MG132 in fact induced VEGFR3 degradation. Our 

results clearly support that auranofin induces VEGFR3 downregulation through a lysosome-

dependent degradation pathway. The exact mechanism by which auranofin induces a 

lysosome-dependent degradation is unclear. Recent studies have suggested that VEGFR3 

surface and protein stability are regulated by endocytosis, mediated by AIP1, Dab2, the 

transmembrane protein Ephrin B2 and the cell polarity regulator Par-3 10, 19. It is plausible 

that auranofin induces endocytosis of VEGFR3 in lymphatic EC by modulating the AIP1-

Dab2-Ephrin-Par3 complex. Meanwhile, auranofin may also prevent VEGFR-3 recycling 

or/and promote VEGFR-3 trafficking to lysosome. We are currently investigating this 

possibility. Consistent with that auranofin at a low dose induces a low level of ROS but not 

activation of p38MAPK, auranofin-induced VEGFR3 downregulation was blocked by NAC 

but not by p38MAPK inhibitor SB203580. The role of ROS in promoting VEGFR3 

endocytosis needs to be further determined.

The generation of new lymphatic vessels through lymphangiogenesis and the remodelling of 

existing lymphatics are thought to be important steps in cancer metastasis 8b. The VEGF-C/

VEGFR3 axis is considered to be a major driver of tumour lymphangiogenesis 6–7 Our study 

demonstrate that auranofin specifically inhibits the VEGF-C/VEGFR3-dependent 

lymphangiogensis. Our study suggests auranofin as therapeutic agent for the treatment of 

lymphangiogenesis-mediated disease such as such as lympheda and cancer metastasis 8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Auranofin inhibits EC survival and induces cell apoptosis in a dose-dependent manner

A. Auranofin structure: gold(+1) cation; 3,4,5-triacetyloxy-6- (acetyloxymethyl) oxane-2-

thiolate; triethylphosphanium (formula C20H35AuO9PS+). B. SVEC were treated with ARF 

at 0–4 μM for indicated times (4, 12 and 24 h). EC viability was measured by a 

mitochondrial activity-based MTT assay and % of control were presented. Data are mean

±SEM from triplicates of three independent experiments. *, P<0.05; **, P<0.01. C. SVEC 

were treated with ARF at 0, 1 or 2 μM for 4 h. EC apoptosis was measured by Annexin-V 

and Hoechst-3342 double staining. Scale bar: 100 μm. D. EC apoptosis (%) was quantitated. 

Data are mean±SEM from duplicates (10 different areas in each well) of three independent 

experiments. *, P<0.05; **, P<0.01.

Chen et al. Page 11

Anticancer Agents Med Chem. Author manuscript; available in PMC 2016 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Auranofin at a high dose inhibits EC survival while inducing apoptotic pathways

SVEC (A, B) or HLEC (C, D) were treated with ARF at 0–4 μM for 4 h. A and C. Cell 

lysates were subjected to immunoblotting for TrxR2, Trx2, NF-κB, phosphor- and total 

p38MAPK, and VEGFR3 with respective antibodies. β-actin was used as a loading control. 

Normalized protein levels are indicated below the blot with untreated as 1.0. Relative ratios 

of p-p38MAPK and total p38MAPK are also indicated. Similar results were obtained from 

additional two experiments. B and D. ROS levels from ARF-treated SVEC were measured 

by Dihydrorhodamine 123 probe in a fluorescence plate reader for 120 min. Data presented 

are mean±SEM from triplicates of three independent experiments. *, P<0.05; **, P<0.01.

Chen et al. Page 12

Anticancer Agents Med Chem. Author manuscript; available in PMC 2016 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Auranofin specifically reduces VEGFR3 at a low dose

SVEC were treated with ARF (0.25 μM) for various times (0–24 h). A. VEGFR3 and 

LYVE-1 mRNA were quantified by qRT-PCR with respective primers. Relative levels of 

VEGFR3 and LYVE-1 mRNA are presented as untreated cells as 1.0. Data presented are 

mean±SEM from three independent experiments. B. Cell lysates were subjected to 

immunoblotting for phosphor- and total p38MAPK, VEGFR3 and lymphatic EC surface 

marker LYVE-1 with respective antibodies. β-actin was used as a loading control. 

Normalized protein levels of VEGFR3 and LYVE-1 as well as ratios of p-p38/p38 are 

indicated below the blot with untreated as 1.0. LYVE-1 is a surface marker for lymphatic 

EC, and ARF had no effects on LYVE-1 protein levels. C. ARF-induced VEGFR3 

downregulation in SVEC was measured by immunofluorescence staining. SVEC were 

treated with ARF (0.25 μM) for 24 h. VEGFR3 and LYVE-1 were detected by 

immunostaining with respective antibodies followed by Alexa Fluor 488 and 594-conjugated 

secondary antibodies.
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Fig. 4. Auranofin induces VEGFR3 degradation via a lysosome-dependent pathway

A. SVEC were incubated with ARF (0.25 μM) in the presence of anti-oxidant NAC (100 

μM) or p38MAPK (2 μM) for 24 h. Cell lysates were subjected to immunoblotting for 

phosphor-, total p38MAPK and VEGFR3 with respective antibodies. β-actin was used as a 

loading control. Normalized VEGFR3 protein levels and ratios of p-p38/p38 are indicated 

below the blot with untreated as 1.0. Similar results were obtained from additional two 

experiments. B. SVEC cells were incubated with ARF (0.25 μM) in the presence of MG132 

(0.5 μM) or chloroquine (50 μM) for 12 h. Cell lysates were subjected to immunoblotting for 

VEGFR3 and β-actin with respective antibodies. Normalized VEGFR3 protein levels are 

indicated below the blot with untreated as 1.0. Similar results were obtained from additional 

two experiments.
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Fig. 5. Auranofin at a low dose inhibits VEGFR3-dependent EC proliferation and migration

A–B. SVEC were treated with ARF at 0.25 μM for 12h, and cells were subjected to BrdU 

labeling for 4 h followed by immunostaining with anti-VEGFR3 and anti-BrdU. 

Representative images are shown in A and BrdU+ cells were quantified in B. Data are mean

±SEM from duplicates (5 different areas in slide) of three independent experiments. *, 

P<0.05. C–D. SVEC were cultured 3% serum without growth factors and subjected to 

“wound” injury assay. Cells were untreated or stimulated with VEGF-C (50 ng/ml) in the 

absence or presence of ARF (0.25 μM) for 12 h. Representative images are shown in C. 

Scale bar, 100 μm. Cell migration distances were measured and % wound closure was 

quantified in D and E. Data are mean±SEM from duplicates (10 different areas in each well) 

of three independent experiments. *, P<0.05.

Chen et al. Page 15

Anticancer Agents Med Chem. Author manuscript; available in PMC 2016 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. A proposed model for auranofin inhibitory effects on lymphangiogenesis

Auranofin at a high dose causes cell apoptosis by downregulating survival factors TrxR2, 

Trx2 and NF-κB, while activating p38MAPK, leading to EC apoptosis. Auranofin at a low 

dose inhibits VEGFR3 expression, VEGFR3-dependent EC proliferation and migration (see 

text for more details).
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