




(New, York, USA). Hydromount was purchased from National Diagnostics (St. Louis, USA).

Moloney murine leukemia virus was obtained from Invitrogen (California, USA), TaqMan Uni-

versal PCR Master Mix from Applied Biosystems (California, USA), enhanced chemilumines-

cence (ECL-plus Western Blotting Detection System) and peroxidase-conjugated antibodies

were purchased from Amersham Biosciences (Buckinghamshire, UK). Hydroxyurea was pur-

chased from Sigma-Aldrich, (St. Louis, USA), enzyme linked immunosorbent assay from Roche

Applied Science (Indianapolis, IN). Angiotensin II was purchased from Sigma-Aldrich

(St. Louis, USA) and Angiotensin-II FITC was purchased from Thermo Fisher Scientific (Mas-

sachusetts, USA).

Cell Culture

Chinese Hamster Ovary (CHO, kindly supplied by Dr François Alhenc-Gelas from the Institut

National de la Santé et de la Recherche Médicale, Paris, France) cells were stably transfected

with a plasmid containing the sequence of the human ACE (CHO-ACE), as previously

reported [7]. Similarly, CHO-AT1 cells were stably transfected with the plasmid pcDNA3, con-

taining the sequence of the human AT1. Also, we used Melan-a (murine melanocytes) and

TM-5 cells (murine melanoma cells). Cells were cultured in DMEM supplemented with 10%

FBS, while melan-a and TM-5 were cultured in RPMI 1640 medium supplemented with 5%

FBS. Cells were incubated at 37˚C in a humidified atmosphere of 95% air and 5% CO2.

Medium was changed every 3 or 4 days, and cells were subcultured, between days 6 and 8, by

harvesting with trypsin-EDTA. Semi-confluent (80% to 90%) cells were used in all of the

studies.

Preparation of siRNA

Potential target sites within the ACE gene were selected and then searched with NCBI Blast to

confirm specificity for the protein. The siRNAs for ACE and scrambled sequence were pre-

pared by a transcriptional-based method using the Ambion Silencer kit (Life Technologies,

New York, USA), according to the manufacturer’s instructions. The sense and antisense oligo-

nucleotides of siRNA were, respectively: siRNA ACE 5’ GCA GTA CAA CTC TCT GCT A 3’

and 5’ GCG GAT CAT AAA GAA GCT T 3’; siRNA scramble 5’ GCG ATG AGT AGC ATC

TCT A 3’ and 5’GCA TGC GAC GAT GAC ATA A 3’. Validated siRNAs for clathrin heavy

chain were obtained from Ambion (Life Technologies, New York, USA). The sense and anti-

sense sequences were, respectively: siRNA cla 50 UAA UCC AAU UCG AAG ACC AAU 30

and 50 GUA UGA UGC UGC UAA ACU A 30. Single wall carbon nanotubes (CNT) were used

to deliver each siRNA as previously described [10, 11]. Cells were used 48 hours after siRNA

treatment as indicated.

Western Blotting

CHO-ACE and TM-5 cells were harvested as described and protein content was quantified

according to Bradford protein assay. For GAPDH detection, mouse monoclonal anti-GAPDH

antibody was used at a dilution of 1:5000. For ACE detection, a mouse monoclonal antibody

was used at dilution of 1:1000. For Clathrin detection, a rabbit monoclonal anti-Clathrin was

used at a dilution of 1:1000. The antibody incubation proceeded for 2 hours at room tempera-

ture. After washing, blots were incubated with HRP conjugated goat anti-mouse or anti-rabbit

IgG secondary antibody at a dilution of 1:5000 at room temperature for 1 hour. Immuno

detection was carried out using enhanced chemiluminescence [12].
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to ACE also affects the opening of the voltage-gated Ca2+ channels. Therefore, the partial

blockage of Ca2+ signaling due PLCβ signaling dumight be explained due the different Ca2+

pathways that are activated by Ang-II binding to ACE. Another possibility is that ACE/Ang-II

links to a specific isoform of the InsP3R to trigger nuclear Ca2+ release. For instance, it is

known that three InsP3 receptor isoforms exist and they have distinct sensitivity to InsP3 [50]

and subcellular localizations, which would enable InsP3-mediated Ca2+ signals to occur prefer-

entially in the nucleus, compared to the cytosol, after ACE activation [50].

Ca2+ signals within the nucleus are particularly important in cancer cell progression [50, 59,

60]. Buffering nuclear Ca2+ arrests adenocarcinoma cells in the early phase of mitosis [61],

and sensitizes head and neck cancer cells to radiotherapy [59]. Therefore, the effect of Ang-II/

ACE on nuclear Ca2+ signaling might explain the observed Ang-II’s action as a mitogen, in

the melanoma cell line (TM-5), a murine cell type that endogenously expresses ACE, but lack

Ang-II type 1 or type 2 receptors. We further show that ACE is involved in TM-5 cell migra-

tion, another aspect of melanoma carcinogenesis. Melanoma is a common cancer in the West-

ern world with an increasing incidence highly due to sun exposure [62]. Transformation of

melanocytes into melanoma encompasses a complex interplay of both endogenous and exoge-

nous factors and it is known that its metastasis pattern can occur during either an earlier or a

later phase, being guided by genetic or phenotypic drivers [63, 64]. Although Ang-II has been

reported to regulate growth, adhesion, invasion and cell migration in certain cancer cells [65],

this is the first report of Ang-II-induced melanocytes proliferation and migration mediated by

binding to ACE.

It is well-accepted that either ACE inhibitors or AT1 blockers are the gold standard drugs

in order to manage hypertension, due their survival benefits provided on patients with heart

failure, high cardiac risk profile and also proteiunuric chronic kidney disease [66]. However, a

combination therapy with ACE inhibitors and Ang-II receptor blockers has been extensively

explored since the monotherapy has been shown efficient in only a quite limited number of

hypertensive patients [67]. Another evidence that supports the usage of a combined therapy is

the fact that monotherapy with ACE inhibitor increases the concentration of circulating Ang-I

and this can partially mitigate inhibition of ACE, what turns out to restore the concentration

of active Ang-II towards pretreatment levels [68, 69]. In addition to that, it is known that other

enzymes distinct from ACE, and therefore not blocked by ACE inhibitors, can form Ang-II

[70]. Indeed, patients with mild to moderate hypertension demonstrated a more prominent

decrease in diastolic blood pressure when a combination therapy was used [71, 72]. However,

the long-term effects of these combination therapies on blood pressure have still been ques-

tioned since they showed no benefits in terms of the composite of cardiovascular death,

myocardial infarction, stroke and hospitalization for heart failure. In fact, it caused more

symptoms attributable to hypotension, increased decline in renal function and need for dialy-

sis compared to ACE inhibitor monotherapy [73].

There are several clinical evidences showing the chemopreventive effects of ACE-blocking

in cancer [74]. The first evidence for the antitumor effects of ACE blockers was demonstrated

in 1998 [75] in which the relative risk of fatal, incident and female-specific cancers was lower

in women on ACE inhibitors [75]. In human squamous skin cancer cells, it was observed a

prominent inhibitory effect on tumor growth and angiogenesis mediated by perindopril [76].

A similar finding was observed in a cohort study performed among a high-risk group of veter-

ans using ACE inhibitors, showing a lower incidence of keratinocyte cancer when compared

to nonusers. [77]. Specifically for cutaneous melanoma, captopril presented an antitumor

activity in human melanoma xenograft model [78]. Additionally, it is already known that AT1

receptor plays an important role in angiogenesis and growth of tumor cell [79]. Administra-

tion of the AT1 blocker, TCV-116, significantly decreased melanoma tumor volume in mice
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[80]. However, more clinical studies are still needed in order to justify the usage of ACE inhibi-

tors or AT1 blockers for treating melanoma and other malignancies.

Taken together, our findings here suggest a novel function of ACE in the pathology of mela-

noma and open new paths to further studies, where ACE, as a receptor, might function as a

possible therapeutic target aiming to avoid the progression of the disease.

Acknowledgments

The authors acknowledge the technical assistance of Gilson Nogueira, and assistance of Jéssica
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26. Andrade LM, Geraldo JML, Gonçalves OX, Leite MTT, Catarina AM, Guimarães MM, et al. Nucleoplas-

mic Calcium Buffering Sensitizes Human Squamous Cell Carcinoma to Anticancer Therapy. J Cancer

Sci Ther.Volume 2012; 4(5): 131–139.

27. Hooper NM and Turner AJ. An ACE structure. Nature structural biology. 2003; 10(3): 155–157. doi: 10.

1038/nsb0303-155 PMID: 12605218

28. Koss H, Bunney TD, Behjati S and Katan M. Dysfunction of phospholipase C- gamma in immune disor-

ders and cancer Trends Biochem. Sci. 2014; 39:603–611.

ACE Regulates Cell Proliferation and Migration

PLOS ONE | DOI:10.1371/journal.pone.0165371 December 19, 2016 17 / 20

http://dx.doi.org/10.1111/j.1365-2796.2008.01981.x
http://www.ncbi.nlm.nih.gov/pubmed/18793332
http://dx.doi.org/10.1038/srep00717
http://www.ncbi.nlm.nih.gov/pubmed/23056909
http://dx.doi.org/10.1016/j.ceca.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/20018372
http://dx.doi.org/10.1088/0957-4484/21/38/385101
http://www.ncbi.nlm.nih.gov/pubmed/20798464
http://dx.doi.org/10.1002/hep.26609
http://www.ncbi.nlm.nih.gov/pubmed/23839970
http://dx.doi.org/10.1074/jbc.M706550200
http://www.ncbi.nlm.nih.gov/pubmed/18073207
http://dx.doi.org/10.1038/ncb980
http://www.ncbi.nlm.nih.gov/pubmed/12717445
http://www.ncbi.nlm.nih.gov/pubmed/7673193
http://www.ncbi.nlm.nih.gov/pubmed/7810719
http://dx.doi.org/10.1038/nprot.2007.30
http://www.ncbi.nlm.nih.gov/pubmed/17406593
http://dx.doi.org/10.1172/JCI35381
http://www.ncbi.nlm.nih.gov/pubmed/18802478
http://dx.doi.org/10.1515/hsz-2014-0157
http://www.ncbi.nlm.nih.gov/pubmed/25205727
http://dx.doi.org/10.1016/j.mce.2008.10.049
http://dx.doi.org/10.1016/j.mce.2008.10.049
http://www.ncbi.nlm.nih.gov/pubmed/19061936
http://www.ncbi.nlm.nih.gov/pubmed/20308802
http://dx.doi.org/10.1038/nsb0303-155
http://dx.doi.org/10.1038/nsb0303-155
http://www.ncbi.nlm.nih.gov/pubmed/12605218


29. Rodrigues MA, Gomes DA, Leite MF, Grant W, Zhang L, Lam W, et al. Nucleoplasmic calcium is

required for cell proliferation. J. Biol. Chem. 2007; 282:17061–17068. doi: 10.1074/jbc.M700490200

PMID: 17420246
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