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ABSTRACT: 

Angiogenin (ANG), a member of the secreted ribonuclease family, is a potent angiogenesis 

stimulator that interacts with endothelial cells inducing a wide range of responses. Metal ions 

dyshomeostasis play a fundamental role in the onset of neurodegenerative diseases, in particular 

copper that is also involved in angiogenesis processes. It is known that vascular pathologies are 

present in neurodegenerative diseases and Angiogenin is down0regulated in Alzheimer and 

Parkinson diseases, as well as it has been found as one of the mutated genes in amyotrophic lateral 

sclerosis (ALS). Copper (II) induces an increase of Angiogenin binding to endothelial cells but, so 

far, the relationship between copper0ANG and angiogenesis induction remain unclear. Herein, the 

effects of copper (II) ions on Angiogenin activity and expression were evaluated. The binding of 

copper was demonstrated to affect the intracellular localization of protein decreasing its nuclear 

translocation. Moreover, the ANG0copper (II) system negatively affects the protein0induced 

angiogenesis, as well as endothelial cells migration. Surprisingly, copper also reveals the ability to 

modulate the Angiogenin transcription. These results highlight the tight relationship between copper 

and Angiogenin, pointing out the biological relevance of ANG0copper system in the regulation of 

endothelial cell function, and revealing a possible new mechanism at the basis of vascular 

pathologies.   
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1.� Introduction  

Angiogenin (ANG) is a 14.2 kDa angiogenic protein overexpressed in many types of 

cancers (Tello0Montoliu, 2006) as well as down0regulated in several neurodegenerative diseases 

including amyotrophic lateral sclerosis (ALS) (Aparicio0Erriu and Prehn, 2012), Parkinson’s 

disease (PD) (Steidinger, 2011) and Alzheimer’s disease (AD)(Kim and Kim, 2012). Furthermore, 

loss0of0function mutation of ANG has been related to the onset of PD and ALS (Crabtree, 2007; 

Greenway, 2006; Padhi, 2012; Steidinger, 2011; Wu, 2007). The onset and progression of 

neurodegenerative disease have been related for long time to the accumulation of insoluble 

misfolded protein such as β0amyloid (Cavallucci, 2012; Hardy and Higgins, 1992) and, more 

recently, to alteration of metallostasis (metal dys0homeostasis) (Ayton, 2013; Milardi and 

Rizzarelli, 2011; Tiiman, 2013) as well as to the neurovascular abnormalities (Chen, 2013; 

Drachman, 2014; Lyros, 2014). Thus, the understanding of the link between metal ions, angiogenic 

proteins and angiogenesis may be helpful to develop new therapeutic strategies concerning of 

cancer and neurodegenerative disease such as AD and ALS. 

ANG plays a crucial role as stress0regulator balancing cell growth and survival depending 

on cellular status (Del Giudice, 2014; Li and Hu, 2012). Under growth conditions, ANG is rapidly 

translocated into the nucleus of cancer cells (Yoshioka, 2006), motoneurons (Kieran, 2008; 

Subramanian, 2007) and endothelial cells (Hu, 2000; Li, 1997) and promotes the ribosomal RNA 

(rRNA) transcription (Sheng, 2014). Under stress conditions, ANG relocates into the cytoplasm 

where it is accumulated in stress granules (SGs) and mediates the production of stress0induced 

tRNA0derived ~40 nucleotide non coding RNAs (designated as 3′0tiRNAs) (Pizzo, 2013; Yamasaki, 

2009).  

ANG interacts with endothelial and smooth muscle cells inducing a wide range of effects 

including cell migration (Hu, 1994; Wei, 2011), invasion (Hu, 1994), proliferation (Hu, 1997, 

1998a; Sadagopan, 2009), and tube formation (Miyake, 2014). The nuclear translocation, 

ribonucleolytic activity and signalling transduction of ANG are needed to maintain its angiogenic 

activity (Gao and Xu, 2008).  

Interestingly, divalent copper increases the apparent number of ANG molecules bound to 

endothelial cells even if the apparent dissociation constant remains unchanged (Badet, 1989; 

Soncin, 1997a). However, other data suggested that ANG and Copper act through different 

mechanisms in regulating angiogenesis (Hu, 1998a). Copper is one of the most abundant transition 

metal in the body and it is essential for multiple biological pathways (Peña, 1999). Copper is a well0

known angiogenic factor ������� even though the molecular and cellular mechanism by which this 

action takes place is still unclear (D’Andrea, 2010). Copper dyshomeostasis has been also related to 
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the onset and progression of neurodegenerative diseases (Iakovidis, 2011; Noda, 2013; Park, 2014). 

Thus, the metal ion interaction with angiogenic factor such as ANG could be part of the mechanism 

and/or angiogenic signalling of copper. In this context, a more detailed characterization of ANG0

copper interaction could represent a valuable aid in a better understanding of potential mutual 

biological influences.  

Soncin et al. (1997a) have reported that the recombinant ANG tightly binds about 2.4 copper 

ions per molecule at physiological pH. It has been shown that ANG binds copper ion, involving 

preferentially the ribonucleolytic site and/or the putative receptor binding site of the protein (La 

Mendola, 2010, 2012). Herein, we investigated the influence of copper binding to ANG on the 

properties and functions of the protein in endothelial cells. Copper reduces the ribonucleolytic and 

angiogenic activity of ANG. Furthermore, in endothelial cells, copper favours the cytosolic 

localization of ANG without effects on the proliferative and survival activity of the protein. 

Although the exact mechanism has to be discovered, these results pointed out a tight relation of 

ANG and copper.  
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2.� Materials and methods 

����	
��
�
��

Human umbilical vein endothelial cells (HUVECs) and cell culture medium (EGM®02 

BulletKit®) were purchased from Lonza srl (Milan, Italy). All other reagents were obtained from 

standard commercial sources and were of the highest commercially available grade. 

�����
���������
��������������
����������
����

Expression of recombinant human ANG was carried out following a previously reported 

method (Holloway, 2001). The protein was refolded from inclusion bodies according to the 

procedure developed by Jang et al. (2004). Conversion of Met0(01) ANG to the authentic <Glu01 

protein was achieved as described in supplementary data. The H114Y mutant was generated using 

the Quikchange Site0Directed mutagenesis kit according to manufacturer’s instructions 

(Supplementary data).  

������������������������������

The ribonucleolytic activity toward tRNA was determined by measuring the formation of 

perchloric acid0soluble fragments as reported (La Mendola, 2012). Briefly, ANG (0.5 QM) and 

tRNA (2 mg/mL) were incubated at pH 7.4 (33 mM MOPS, 33 mM NaCl) in the presence or 

absence of CuSO4 (0015 µM). After 2 h at 37 °C, the solution (300 QL) was diluted with ice0cold 

3.4% HClO4 (700 QL) and kept on ice for 10 min. Finally, the sample was centrifuged (10000 x g) 

for 10 min and the absorbance of perchloric acid soluble fragments was measured at 260 nm. 

�� �!����"�����
���#
�$�%
�
�������

HUVECs were maintained in EGM®02 BulletKit® medium. Cells were grown at 37 °C in a 

humid atmosphere in the presence of 5% CO2. HUVECs were grown to 80% confluence and used 

in successive experiments until the sixth detaching passage. When ANG was used in combination 

with copper, in order to allow the formation of the complex, ANG and copper was combined 2 

hours prior the cells treatment.  

��&���'��(���)���)�
��
�����
��
���

HUVECs were seeded in 960well plates at a density of 5x103 cells/well for 24h in EGM®02 

medium. Cells were starved for 12 h before the experiment using EBM®02 medium and were 

treated with various concentration of ANG in the presence or absence of CuSO4 for different times 

(0060 min). Then, the ERK 1/2 phosphorylation and the total ERK 1/2 were evaluated as previously 

described (Wong, 2004) with few modification (for detailed see Supplementary data). In parallel, a 
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western blot analysis of total ERK1/2 and phosphor0ERK1/2 was performed as previously described 

(Schafe, 2008) with few modifications (Supplementary data). The primary antibodies used were 

anti0GAPDH (G9545 Sigma0Aldrich), anti0phospho ERK1/2 (sc07383 SantaCruz) and anti0ERK1/2 

(#4695 Cell Signaling Technology). The secondary antibodies were goat anti0rabbit IgG0HRP (120

348 Millipore) and goat anti0mouse IgG0HRP (120349 Millipore). 

��*�����
��� &+�
�������
��������������

In order to evaluate the 45S rRNA and ANG mRNA expression a real0time RT0PCR was 

performed as previously described (Nolan, 2006). Briefly, HUVECs were treated with ANG or 

CuSO4 alone or in combination in growth medium. Total RNA was extracted using the RNeasy® 

Mini Kit (Quiagen) according to manufacturer’s instructions, and the real0time RT0PCR reactions 

was performed (Supplementary data). mRNA levels for each sample were normalised against β0

actin mRNA levels, and relative expression was calculated using the Ct value. 

��,�-���������
��������
���������
�����
�������

HUVEC cells were cultured on coverslips at 2x104 cell/cm2 in EGM®02 and treated with 

ANG (100 nM) in the presence or absence of CuSO4 (100 nM0 500 nM) for different times (5060 

min). The antibodies used were anti0ANG (0.4 µg/ml, dil. 1:500, sc09044 Santa0Cruz) and Alexa0

Fluor04880conjugated goat anti0rabbit (2 µg/ml, dil. 1:1000, A11008 Life Technologies). Non0

specific binding was controlled by omitting the primary antibody or by substituting the same 

concentration of non specific isotypic immunoglobulin (Data not shown). Nuclei were stained with 

DAPI (1:5000 diluition; Sigma0Aldrich). Confocal microscopy was performed with an Olympus 

FV1000 confocal laser scanning microscope (LSM) equipped UV/visible lasers: 405 nm (50 mW), 

20 mW Multiline Argon laser (457 nm, 488 nm, 515 nm, total 30 mW), HeNe(G) laser (543 nm, 1 

mW), HeNe(R) laser (633 nm, 1 mW); oil immersion objective (60xO PLAPO) and spectral 

filtering system. Emitted light was detected in sequential mode. Acquisition parameters were: 405 

nm excitation at 12% laser power, emission filter SDM490 (band pass) 425–475 nm, PMT voltage 

at 530 V (channel 1, blue); 488 nm excitation at 16% laser power, emission filter SDM560, 500–

600 nm, PMT voltage at 695 V (channel 2, green). The detector gain was fixed at a constant value 

and images were taken for all of the samples at random locations throughout the area of the well. 

Images analysis was carried out using Image J (version 1.46e, public domain, Image Processing and 

Analysis in Java, National Institutes of Health). The statistical analysis was performed with a one0

way Anova test by using Microcal Origin (version 8.6). 
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ANG induction of migration was evaluated with a scratch assay. HUVECs were seeded in 

96 well plates and grown to 90% of confluence. Then the scratch was made through the cell layer 

using a sterile micropipette tip. After washing with PBS, cells were treated with ANG in the 

presence or absence of CuSO4 in growth medium. The images of the wounded area were captured 

immediately after the scratch (t0) and 8h later (t8) to monitor cell migration into the wounded area. 

Cells were fixed with 4% formaldehyde, stained with 0.5% Crystal violet for 20 min, and washed 

with water. Photographs were then taken at 10× magnification on an inverted microscope. The 

migration abilities were quantified by measuring both the average gap width and the percentage of 

gap closed. The data were analysed with the Image J software (Version 1.41o). 

��/�%������
�
�����
��
��

Matrigel (BD Bioscence) was thawed at 4°C overnight and spread evenly over each well (50 

µl) of a 960well plate. The plates were incubated for 30 min at 37°C to allow the Matrigel to gel 

before the cell seeding. HUVEC cells (1x104) from passage 3 or earlier were seeded in 100 µl of 

EGM02 per well in the absence or presence of ANG and copper in combination or alone. After 16h 

of incubation at 37°C, the tube structures were observed with an inverted microscope equipped with 

a digital camera (Nikon, Sesto Fiorentino, Italy). Two fields (magnification 4×) were captured for 

each sample, performed in triplicate. For each image, the total length of the tube network, the 

number of intact loops and the number of branching points were quantified with the image analysis 

software ImageJ using the plug0in AngioJ for the angiogenesis assay. 

���0�!������
�������
��
��1	%+2��

The MTS assay was performed to compare the viability of cells treated with different 

concentration of ANG and CuSO4 alone or in combination. The cells were seeded in 960well plates 

(1.5×103 cell/well for proliferation; 5x103 cell/well for survival). Cells were treated with growth 

media or serum0free media for different times. In parallel, the control without the cells (blank) was 

prepared. For the MTS assay, the CellTiter 96® AQueous One Solution Cell Proliferation Assay kit 

(Promega) was used following the manufacturer's instruction. The blank was subtracted from the 

absorbance of each treatment. Then, the results were reported as the percentage versus the control 

set to 100%.  

���������������
������)�����������$�������
�����������

���������������

HUVEC cells were transfected with a siRNA specifically designed for the silencing of the 

human ANG (sc039291 SantaCruz). The siRNAs have been transfected with siRNA transfection 

reagent (Santa Cruz Biotecnology) to a final concentration of 50 nM, following the manufacturer's 
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protocol. In parallel to each silencing experiment, an ineffective sequence of RNA has been used as 

negative control (Santa Cruz Biotechnology). The silence efficacy was verified by RT0PCR. The 

RT0PCR products were visualized after electrophoresis migration in a 2% agarose gel and stained 

with ethidium bromide. Fragment sizes were confirmed by comparison with a 100 pb DNA ladder 

molecular weight marker (Promega). The bands were viewed under UV light and analyzed by 

densitometric analysis using the ImageJ (ImageJ Software, version 1.41o). Transfected cells were 

used 24 h after siRNA transfection.  

�����+�
������
����
�������

A non0linear multipurpose curve0fitting program, Graph0Pad Prism (Version 5.00), was used 

for data analysis and graphic presentation. Data were reported as the mean ± SEM of at least three 

different experiments. Statistical analyses were performed using a one0way ANOVA study followed 

by the Bonferroni test for repeated measurements. Differences were considered statistically 

significant when P<0.05. 
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3.� Results 

����!����
�
�������
���������������
���������������

Copper has been shown previously to inhibit ANG ribonucleolytic activity (Lee and Vallee, 

1989). Herein the influence of increasing concentration of copper on ANG (<Glu01 ANG) activity 

was evaluated as previously reported for the Met0(01) ANG (La Mendola, 2012). The production of 

tRNA perchloric0acid soluble fragment was measured after the addition of 1:1 to 1:30 equivalents 

of CuSO4 (Fig. 1A). Increasing concentration of copper (II) ions caused a strong decrease of the 

ribonucleolytic activity of ANG, accordingly with preliminary data reported for the recombinant 

ANG (La Mendola, 2012). The presence of five equivalent of copper was sufficient to cause a 

significant decrease of the enzymatic activity (ANG 73.7±0.6%; P<0.001 Fig. 1A). As previously 

suggested for the recombinant protein, copper could preferentially bound the residues in the 

catalytic core, and this could explain why the presence of a small amount of copper could be 

sufficient to produce a significant decrease of the ribonucleolytic activity of ANG. 

 

����!����
��������������'�(���)���)�
��
��������������������

ANG promotes the activation of the extracellular0signal0regulated kinases (ERKs) (Liu, 

2001) that play a central role in membrane0to0nucleus communication (Yang, 2013). In order to 

verify the effect of copper on ANG 0mediated ERK activation, the phosphorylation of�ERK1/2 in 

HUVEC cells was evaluated. Considering that ANG binds at least one copper ion (La Mendola, 

2012) and its ribonucleolytic activity was significantly decreased in the presence of 1:5 equivalent 

of copper, further experiments were performed in the presence of 1:1 to 1:5 ANG/CuSO4 molar 

ratio. The temporal response pattern of ERK1/2 activation induced by ANG and copper alone was 

similar, in accordance with literature data (Liu, 2001; Nawaz, 2006). They presented a peak at 5 

minutes and returned to basal levels after 60 min (Fig. 1B0E). Interestingly, cell treatment with the 

ANG0copper system caused a sustained activation of ERK. In fact after 60 minutes of treatment the 

presence of copper significantly increased the phosphorylated ERK 1/2 in a concentration0

dependent manner (ANG 100 nM 103.9±6.9%; CuSO4 500 nM 110.9±9.7%; ANG + CuSO4 

149.8±12.4%; P<0.001 Fig. 1C). These results were confirmed by immunoblots analysis (Fig. 1D0

E). In parallel, the total ERK was measured, showing no significant difference between the 

treatments (Fig. 1E, S1).  
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ANG is rapidly translocated into the nuclei of human endothelial cells (Hu, 2000) where 

promotes ribosome biogenesis through the binding of 45S ribosomal DNA (rDNA) promoter and 

enhancing ribosomal RNA transcription (Sheng, 2014). In order to understand if copper could affect 

the ribosome biogenesis induced by ANG, a real0time quantification of the 45S rRNA was 

performed (Fig. 1F). Compared to the untreated cells, ANG caused a marked increase of 45S 

transcription (ANG 3.7±0.9 fold vs control; P<0.001). This effect was completely counteracts by 

Neomycin pre0treatment that is able to inhibit the ANG translocation to the nuclei (Hu, 1998b). 

Copper alone was also able to enhance the transcription of the 45S, an event probably related to its 

proliferating activity. Interestingly, the treatment with the ANG0copper system caused a significant 

decrease of 45S transcription (CuSO4 100 nM 2.1±0.5; CuSO4 500 nM 2.2±0.8; ANG + CuSO4 100 

nM 1.9±0.3 P<0.01; ANG + CuSO4 500 nM 2.2±0.2 P<0.01 fold vs ANG; Fig. 1F).  

 

�� �%)�����3�����
���������
�������
������
�������

������
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�������
�����)������
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Immunofluorescence assay was performed in order to verify the effect of copper on ANG 

localization, (Fig. 2A0C). HUVECs visualization by confocal microscopy showed the low amount 

of endogenous ANG present in the control. Copper alone slightly increased the fluorescence 

intensity in cytoplasm showing “pool” of ANG in a similar way to that observed in stress0induced 

formation of stress granules (Emara, 2010; Pizzo, 2013).  

As expected, the exogenous ANG was rapidly internalized and translocated almost 

completely into the nuclei after 60 min of treatment, in accordance with literature data (Fig. 2 A0C) 

(Sadagopan, 2009). Interestingly, when the ANG0copper pre0formed complex was added, ANG 

remained more concentrated in the cytosol or in proximity of nuclear and cellular membrane (Fig. 

2A0C). These results, in accordance with previous data highlight the importance of copper binding 

to ANG in the regulation of its intracellular localization. 

 

��&�!����
������
����)��������$

�����
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��������

Considering the effect of copper on intracellular trafficking of ANG, the metal ions effect on 

HUVECs migration was firstly investigated. In accordance with previous data (Jimi, 1995), 

exogenous ANG significantly increased HUVECs migration (Ctrl 27.5±2.7%; ANG 100 nM 

61.6±5.1%; P<0.001 vs Ctrl Fig. 3A0B). Copper at high micromolar concentration promotes the cell 

migration (McAuslan and Reilly, 1980). However, the sub0micromolar concentrations of copper 

were not able to affect cell migration that remained comparable to the control (Fig. 3A0B). 
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Interestingly, a decrease in cell migration in the presence of the ANG0copper system was observed 

(ANG 100 nM + CuSO4 100 nM 43.8±3.4% P<0.01 vs ANG; ANG100 nM + CuSO4 500 nM 

24.2±3.8% P<0.001 vs ANG; Fig. 3A0B). Additionally, increasing concentration of copper caused a 

further decrease of cell migration. 

A capillary0like tube formation assay on Matrigel (Khoo, 2011) was performed to determine 

whether copper could affect the angiogenic property of ANG. In untreated cells, HUVECs began at 

4 h to form tube0like structures that were evident at 16 h of culture (Fig. 4A0D), in accordance with 

literature data (Miyake, 2014). As expected, ANG alone was able to promote angiogenesis 

increasing the tube length, branching points and meshes number after 4h and becoming more 

evident after 16h (tube length: ANG 100 nM 15384.4±383.6, P<0.01; branching points: ANG 100 

nM 147.8±4.6%, P<0.01; meshes number: ANG 100 nM 225.5±13.0%, P<0.01 vs Ctrl Fig. 4A0D). 

Among the different features of ANG, the ribonucleolytic activity and nuclear translocation are 

necessary for the ANG 0induced angiogenesis (Gao and Xu, 2008). The pre0treatment with 

Neomycin completely counteracted the angiogenic effect of ANG, in accordance with previous data 

(Hu, 1998b). Furthermore, the H114Y ANG mutant, that completely loss the ribonucleolytic 

activity (data not shown), was not able to enhance the angiogenesis process (Fig. 4A0D).  

Copper alone presents angiogenic effect at high micromolar concentration (Narayanan, 

2013). However, nanomolar concentrations were used so to avoid copper induction of angiogenesis 

(Fig. 4A0D). Noteworthy, the treatment with the ANG0copper system significantly decreased the 

angiogenic effect of the protein. The reduction of tube length, branching points and meshes number 

was evident after 4h, and became more evident after 16h of treatment (Fig. 4A0D). The inhibition of 

ANG ribonucleolytic activity and nuclear translocation completely abolish the angiogenesis 

induction. Copper alone, as demonstrated above, inhibits ANG ribonucleolytic activity (Fig. 1A) as 

well as decreases ANG nuclear translocation demonstrated by the inhibition of ANG 0induced 45S 

transcription (Fig. 1F) and the increasing of cytosolic protein concentration (Fig. 2A0C). Thus, the 

inhibition of ANG 0induced angiogenesis by copper could be due to its effects on the protein 

properties.  

 

��*�!����
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In order to evaluate the proliferative and pro0survival effects of ANG, viability assays in 

HUVEC cells were performed. As expected, ANG was able to increase significantly the 

proliferation of endothelial cells in a concentration dependent manner (Fig. S2A0B). Furthermore, 

ANG significantly affected the human endothelial cells survival in serum0withdrawal condition, a 

commonly used method to induce HUVECs apoptosis (Asada, 2008; Michaelis, 2006) (Fig. S2C0
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D). Thus, the effect of the ANG0copper system on HUVECs proliferation after 24h and 48h was 

evaluated (Fig. 5A0B). Copper alone was able to increase the proliferation, although this effect 

became significant only after 48h of treatment. Differently, the ANG0copper system did not 

significantly affect the endothelial proliferation rate after 24h and 48h of cells treatment (Fig. 5A0

B). 

Then, the pro0survival activity was evaluated. Results were comparable to those obtained in 

the proliferative assays. Copper as well as ANG alone significantly improved the survival of 

HUVECs (Fig. 5C). The ANG0copper system did not significantly affect the pro0survival effect 

versus the protein alone; conversely, survival rate appeared to be significantly higher with respect to 

copper alone when was used at higher concentration (CuSO4 500 nM 151.7±9.2%, CuSO4 2.5 µM 

143.0±6.9%; ANG 100 nM + CuSO4 500 nM 179.7±8.2% P<0.01; ANG 500 nM + CuSO4 500 nM 

226.7±3.6% P<0.001; ANG 500 nM + CuSO4 2.5 µM 195.8±7% P<0.01; Fig. 5C). 

 

��,�!����
�������������)���������
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Copper is known to be able to increase the gene expression of pro0angiogenic and 

proliferative factor such as VEGF (Sen, 2002), but to date no results have been reported about the 

effect of copper on the ANG gene expression. Thus, in order to explain the discrepancy of the 

ANG0copper system effects on angiogenesis induction and endothelial cells proliferation, the ANG 

mRNA expression was evaluated by real0time PCR analysis (Fig. 5D). Noteworthy, copper 

significantly increased the ANG transcription after 24h at the highest concentration (CuSO4 500 nM 

1.6±0.2 fold, P<0.01 at 24 h and CuSO4 500 nM 2.9±0.4 fold; P<0.001 at 48 h. Fig. 5D) and 

become significant after 48h of treatment at both concentration (CuSO4 100 nM 1.8±0.2 fold 

P<0.001; Fig. 5D). The copper promotion of ANG transcription could partially explain the diverse 

effect showed by the ANG0copper system on angiogenesis and proliferation.  

In order to demonstrate the effect of copper transcriptional activity on HUVECs 

proliferation, the ANG expression was suppressed by using random siRNA or siRNAs specifically 

designed to silence ANG. The efficiency of siRNA transfection in reducing ANG gene expression 

was demonstrated by RT0PCR (Fig. 6A0B). The proliferative activity of exogenous ANG was then 

evaluated. After 24h of treatments, ANG alone increased the proliferation rate, in a concentration 

dependent manner (30.9±6.7 nM; Fig. 6C0D). These effects became more evident after 48h of 

treatment (Fig. 6C). After ANG silencing, copper alone presented a decreased effect to stimulate the 

proliferation of HUVEC cells. However, the ANG knock down was not sufficient to completely 

inhibit the proliferative action of copper, thus demonstrating that ANG expression is only one of the 
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several mechanism activated by copper. Interestingly, after selective ANG0knockdown, the 

presence of the ANG0copper system caused a significant decrease of proliferation versus the protein 

alone (Fig. 6E0F). Thus, the marked unfavorable effect of copper on proliferative0 ANG activity 

after selective ANG0knockdown, further confirms the negative effect of ANG0copper system on 

ANG activity. 
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4.� Discussion 

In the present work, we reported the effect of copper binding on the biological activity of 

ANG in endothelial cells. ANG is a member of the secreted ribonuclease family and represents one 

of the most potent stimulator of angiogenesis. ANG activation induces a wide range of cellular 

responses (e.g. proliferation, migration effects, promotion of cell survival under stress condition) 

eventually prompting blood vessels formation.  

ANG plays an important role in tumour angiogenesis and it is over0expressed in many 

cancers. The biological role of ANG should not be limited to induction of angiogenesis. The pivotal 

role of ANG in neuropathological condition has recently emerged; in fact it is down0regulated in 

PD and AD (Kim and Kim, 2012) and is one of the key genes in the pathogenesis of ALS 

(Aparicio0Erriu and Prehn, 2012). Interestingly, the neurovascular degeneration and pathological 

angiogenesis has recently been related to the onset and progression of different neurodegenerative 

diseases (Chen, 2013; Kelleher and Soiza, 2013).  

The exact etiopathology of almost all neurodegenerative disease (e.g. AD and PD) is still 

unknown. In parallel with the vascular hypothesis, the pivotal role of metal homeostasis has 

emerged (e.g. copper, iron, zinc) (Arena, 2012; Jellinger, 2013). Copper dyshomeostasis has been 

related to the onset and progression of neurodegenerative diseases such as AD (Iakovidis, 2011; 

Lang, 2013). Copper, at high concentrations, is able to induce angiogenesis. Finney et al. (2007) 

demonstrated that during HUVECs�������
� angiogenesis extracellular translocation of the cytosolic 

copper occurs. However, to date, the relationship between copper and angiogenesis remains unclear.  

It has been reported that the proliferation of endothelial cell is increased in the presence of 

copper as well as ANG (Hu, 1998a), and metal increases ANG binding to endothelial cells (Soncin, 

1997a). Herein, we demonstrate that copper influences different ANG activities in endothelial cells. 

The experimental setting was complex considering that copper is able to bind ANG (La Mendola, 

2010; La Mendola, 2012; Soncin, 1997a) as well as heparin (Raju, 1982), FGF (Shing, 1988) and 

VEGF (Connolly, 1989). Furthermore, ANG has been related to the VEGF induction of 

angiogenesis (Kishimoto, 2005) and it is also able to bind heparin (Soncin, 1997b; Yeo, 2014). In 

order to point out the effect of copper binding on ANG, we investigate the effect of a pre0formed 

system respect to the protein alone.  

By the immunofluorescence assay, we demonstrate that copper binding to ANG is able to 

modify the intracellular localization of the protein in early stage, blocking the ANG translocation to 

the nucleus that represents a necessary step for the protein activity. A further confirmation of this 

effect is the significant decrease of the 45S rRNA transcription induced by the ANG0copper system. 

Moreover, we reported a sustained activation of intracellular ERK demonstrating that copper 
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interaction with ANG could increase the permanence of the protein in the membrane or cytosolic 

compartment. The ANG0copper system affects the protein activity after short time of treatment. In 

fact, we proved that the binding of copper impairs the migration and angiogenesis induced by ANG 

in HUVEC cells. Surprisingly, at longer time copper does not affect the proliferative rate of 

endothelial cells when it is bound to ANG. These diverse temporal effects could be partially 

explained by the ability of copper to increase the ANG expression in endothelial cells under growth 

condition. Indeed, it is possible to hypothesize that after copper binds to exogenous ANG, it causes 

a decrease of the protein effects at short time, thus changing the intracellular trafficking of the 

protein leading to a decrease of HUVECs migration and angiogenesis. However, at longer time in 

HUVEC cells a portion of Cu(II) could promote the biogenesis of endogenous ANG contrasting the 

initial detrimental effect of copper bound to exogenous ANG.  

All these findings highlight a close relationship between the metabolic pathways of copper 

and ANG during the early phase of angiogenic processes. The copper externalization could play a 

role in the mobilization and internalization of ANG triggering angiogenesis. After that, copper 

could be re0internalized and exploited its diverse activities. 

In conclusion, the mutual influence between copper and ANG could represent a further 

mechanism underlying the vascular degeneration evidenced in several neurodegenerative 

pathologies in which alteration of copper metallostasis as well as a decrease of ANG expression is 

observed. 
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Figure legends 

 

Fig. 1. Effect of the ANG0copper system on ANG ribonucleolytic activity, ERK 1/2 

phosphorylation and 45S gene transcription. (A) Comparative tRNA cleavage activities of ANG at 

500 nM, in the presence of increasing amount of Cu(II) equivalent. Each data point represents the 

mean of at least two experiments performed in duplicate.***P<0.001 vs ANG 0. (B) The time0

course of ERK 1/2 phosphorylation in HUVECs by immunoenzymatic assay. (C) HUVECs were 

treated for 60 min with ANG in the absence or presence of CuSO4 and ERK 1/2 phosphorylation 

was quantified. The data are expressed as the percentage versus untreated control cells (set to 

100%) ± SEM of at three different experiments. *P<0.05; ***P<0.001 vs ANG; ###P<0.001 vs 

respective CuSO4. (D) One representative Western blot of total ERK and phosphor0ERK in 

HUVECs after 60 min of treatment with ANG in the presence or absence of CuSO4. (E) 

Quantitative analysis of the Western blots, performed using ImageJ. Data are expressed as the 

percentage of OD versus control set to 100% and represent the mean ± SEM of three different 

experiments. **P<0.01; ***P<0.001 vs ANG; ###P<0.001 vs respective CuSO4. (F) 45S mRNA 

was quantified by real time RT0PCR. HUVECs were treated with ANG in the absence or in the 

presence of CuSO4 and Neomycin for 24h. Data are expressed as fold of changes versus basal value 

(set to 1) and represent the mean ± SEM of three different experiments. *P<0.05, ***P<0.001 vs 

control; ##P<0.01 vs ANG; §§§P<0.001 vs ANG.  

 

Fig. 2. Intracellular localization of ANG. (A) Representative images of HUVEC cells treated 

with exogenous ANG in the absence or the presence of CuSO4 for 5060 min. Sample were fixed and 

stained with anti0hANG and visualized with goat anti0rabbit AlexaFluo 488 (green). Nuclei were 

counterstained with DAPI (blue). Two independent experiments were performed in duplicate and 

five images were taken randomly for each sample. (B) and (C) Mean intensity values of 

fluorescence measured on the LSM micrographs inside (in) and outside (out) the nuclear areas for 

HUVEC cell treatments at: 5 min (B) and 60 min (C). Data represent the mean ± SEM of 4–6 

randomly chosen fields; *P<0.05, **P<0.001. 

 

Fig. 3. Effect of copper on ANG 0induced HUVECs migration. HUVECs were treated with 

ANG in the absence or in the presence of CuSO4, and healing of the wounds was observed. (A) the 

average width of the gaps of five scratch wounds, initially at 0h (t0) and after 8h (t8) was measured; 

**P<0.01, ***P<0.001 vs respective average gaps at t0; (B) the percentage of gap closure; *P<0.05, 

***P<0.001 vs control; ##P<0.01, ###P<0.001 vs ANG 100 nM; (C) representative image of 
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scratch wounds at 0h and 8h. Data represent the mean ± SEM of at least two different experiments 

performed in triplicate.  

 

Fig. 4. Copper binding on ANG affects angiogenesis in HUVEC cells. Cells were seeded 

onto Matrigel and treated with ANG in the absence or in the presence of copper. Cells were treated 

also with ANG nuclear transport inhibitor Neomycin (50 µM) and the H114Y mutant (100 nM) that 

completely loss the ribonucleolytic activity. Capillary0like tube formation was observed by 

microscopy after 4h and 16h. (A) The tube length were quantified and expressed as total tube length 

(µm); (B) the number of branching points were quantified and expressed as a percentage versus the 

control sample; (C) the number of mesh0like structures were quantified and expressed as a 

percentage versus the control sample; (D) representative images of HUVECs tube formation after 

16h, original magnification was 4×. Data are expressed as the mean ± SEM of two independent 

experiments performed in triplicate. *P<0.05, **P<0.01, ***P<0.001 vs control; #P<0.05, 

##P<0.01, ###P<0.001 vs ANG 100 nM; §§P<0.01, §§§P<0.001 vs ANG 100 nM. 

 

Fig. 5. Copper binding modulation of ������
� proliferative and pro0survival effects of ANG 

in HUVECs. (A) and (B) HUVECs were treated in complete medium with ANG in the absence or 

presence of different concentration of CuSO4, and the viable cells were counted after 24h (A) or 

48h (B) of treatment by MTS assay; (C) HUVECs were treated in serum0withdrawal condition with 

ANG in the absence or presence of different concentration of CuSO4, and the viable cells were 

counted after 48h of treatment by MTS assay. Data are expressed as percentage of viable cells 

respect to control set to 100% and represent the mean ± SEM of three different experiments 

performed in duplicate. *P<0.05, **P<0.01, ***P<0.001 vs Control; °P<0.05, °°°P<0.001 vs 

respective CuSO4. (D) Copper induction of ANG gene expression in  HUVECs treated with CuSO4 

for 24048h. ANG mRNA was quantified by real time RT0PCR. Data are expressed as fold of 

changes versus basal value (set to 1) and represented the mean ± SEM of at least three different 

experiments. **P<0.01, ***P<0.001 vs control.  

 

Fig. 6. Down0regulation of ANG reveals the effect of the pre0formed ANG0copper system 

on proliferation and pro0survival activity of ANG. HUVECs were treated with control siRNA 

(CTRL neg) or ANG siRNA before the MTS assay. (A) Efficiency of knock0down was assessed by 

evaluating the ANG mRNA gene expression by RT0PCR. After electrophoresis separation, 

densitometric analysis was performed. Data are normalized to β0actin levels, expressed as fold of 

changes versus control (without siRNA) set to 1 and represented the mean ± SEM of at least three 

different experiments. ***P<0.001 vs control. (B) Representative image of 2% agarose gel 
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electrophoresis; (C) HUVECs were treated with increasing concentrations of the ANG in complete 

medium, and the viable cells were counted after 24048072h of treatment by MTS assay; (D) dose0

response curve of ANG in complete medium after 24h of treatment (First point = CTRL); (E) and 

(F) HUVECs were treated in complete medium with ANG in the absence or presence of different 

concentration of CuSO4, and the viable cells were counted after 24h (E) or 48h (F) of treatment by 

MTS assay. Data are expressed as percentage of viable cells with respect to control set to 100% and 

represent the mean ± SEM of three different experiments performed in duplicate. *P<0.05, 

**P<0.01, ***P<0.001 vs control; #P<0.05, ##P<0.01, ###P<0.001 vs wt0Ang 100 nM; °P<0.05, 

°°P<0.01 vs respective CuSO4.  
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