
Nitric oxide may regulate focal adhesion turnover 
and cell migration in MDA-MB-231 breast cancer 
cells by modulating early endosome trafficking 

Abstract
Cell migration is an essential process for wound healing, metastasis and inflammation. Focal adhesions 
(FA) are local regions of plasma membrane consisting of multiprotein complexes providing adhesive con-
tact between the cell and the extracellular matrix (ECM). FA turnover regulates different signalling pa-
thways implicated in various cellular responses (e.g. cell migration). Endocytosis, specifically the dynamin 
and clathrin pathways, is known to regulate cell migration by modulating FA dynamics. In this study, we 
investigated whether NO activity regulates cell migration, FA dynamics and early endosome trafficking 
in MDA-MB-231 cells. The assessment of cell migration showed a slowing down of cell migration and an 
increased duration of FA turnover in cells treated with inhibitors of NO synthase (NOS) such as L-NAME 
or 1400W. In addition, these treatments were found to exhibit no effect on transferrin and dextran upta-
ke mediated by endocytosis and micropinocytosis, respectively. The number of early endosome antigen 
1 (EEA1)-positive endosomes was reduced while their sizes were found to increase in cells treated with 
L-NAME or 1400W. In contrast, these inhibitors did not affect the number nor the size of Rab5-positi-
ve endosomes. Furthermore, we demonstrated that EEA1, endothelial NO synthase (eNOS) and inducible 
NO synthase (iNOS) were colocalised. Using the biotin switch assay followed by western blot, we showed 
that early endosome proteins such as APPL1, EEA1, Rab5 were found to be S-nitrosylated. These results 
were further supported by the sequence analysis performed with the GPS-SNO algorithm which predicted 
the S-nitrosylation of these endosomal proteins. Taken together, our findings suggest that NO might be 
involved in cell migration and FA turnover through early endosome trafficking in MDA-MB-231 cells.
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Introduction
Nitric oxide (NO) is a colourless, highly lipophilic 

and diffusible gas. The molecule is made up of an ox-
ygen atom bound to a nitrogen atom. Most mamma-
lian tissues express different NO synthases (NOS) 
– a group of enzymes responsible for the synthesis 
of NO. Three isoforms of NOS enzymes, namely the 
neuronal NOS (nNOS), the inducible NOS (iNOS) 
and the endotheial NOS (eNOS) have been detected 
in a wide range of human cell lines [1]. NO plays an 
important role in mediating a number of biological 
processes, such as cell migration [2]. Three different 
isoforms of NOS (eNOS, nNOS and iNOS) which pro-
duce NO, have been found in a wide range of human 
cell lines. The expression of different NOS isoforms 
has been reported to increase in breast cancer as 
well as other cancers such as the cancer of the co-
lon, lung cancer, lymphoma, and melanoma [1,3–6]. 
A number of studies have demonstrated a relation-
ship between NO expression and cell migration. For 
example, in wound healing assays high levels of NO 
has been found to promote both wound healing as 
well as the proliferation of human keratinocyte cells 
[7]. Whereas low levels of NO is conducive to the de-
laying of wound healing [8]. 

Endocytosis mediated by caveolae play an impor-
tant role in NO activity [9]. It is involved in the regu-
lation of a range of important cellular activities such 
as transmembrane signalling and endocytosis. It 
has been shown that eNOS directly binds to caveo-
lae and interacts with many signalling factors found 
within the caveolae coat [10]. A subcellular fraction-
ation of endothelial cells revealed that eNOS was 
particularly present in the caveolae fraction [11]. 
NOS mediates S-nitrosylation of proteins which in 
turn can alter the structure and function of proteins 
and protein-protein interactions [12,13]. A growing 
body of evidence suggests that S-nitrosylation is im-
plicated in endocytosis and cell migration [12]. GTP 
hydrolysis activity of dynamin proteins has been 
shown to increase following their S-nitrosylation 
– possibly mediated by eNOS [12,14]. This results 
in the increase of dynamin GTP hydrolysis activity, 
which has been shown to accelerate the endocyto-
sis of plasma membrane receptor by enhancing the 
cleavage of vesicles [12]. Aside from endocytosis, 
the S-nitrosylation of protein has been implicated 
in (focal adhesion) FA disassembly in a process that 
requires the calcium-dependent protease calpain. 
Calpain 2 also called m-Calpain is a family of calcium 
dependent proteases that play an important role in 
cell migration by exerting its proteolytic activity on 
several FA proteins such as talin, vinculin, paxillin 
and FAK [15,16]. FA proteins are required to main-
tain the stability of the actin and integrin assembly 
[15], and play an important role in cell migration 
[16]. Although calcium activates calpain, it has also 
been shown that NO can also regulate the activity 
of the latter [17]. FA dynamics are considered to 

be an essential component of cell motility and cell 
migration [18,19]. Previous studies indicate that 
NO is involved in the maintenance and attachment 
of adhesions to ECM in various cell types including 
endothelial cells, vascular smooth muscle cells and 
renal meningeal cells [20,21]. In addition, the pro-
duction of NO was shown to stimulate cell migration 
of intestinal epithelial cell line through FAK activa-
tion [22]. However, little attention has been given 
to investigate the role of NO in the regulation of FA 
turnover through affecting endocytic regulation. 
Since endocytosis is one of the pathways involved 
in the regulation of FAs dynamics, we aim to deter-
mine whether NOS inhibition has any effect on en-
docytosis. EEA1 positive early endosomes appear to 
be reduced in number and increased in size upon 
NOS inhibition and, interestingly, several proteins 
localised at the level of early endosomes are found 
to be S-nitrosylated. So, this paper describes some 
biological effects of the treatment of breast cancer 
cells with NOS inhibitors, including cell migration, 
FA turnover and early endosome distribution.

Materials and methods
Cell lines and cell culture

The MDA-MB-231 human invasive breast cancer 
cell line (ATCC® HTB-26™) was purchased from the 
American Type Culture Collection cell bank (Manas-
sas, VA). These cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 10% of 
foetal bovine serum (Gibco™, A4766801) and 1% 
v/v penicillin/streptomycin (10,000 units/ml pen-
icillin, 10,000 μg/ml streptomycin, Gibco). For opti-
mal cell growth, these cells were incubated at 37°C 
in an atmosphere containing 95% air, 5% CO2 and 
approximately 90% humidity. These cells were test-
ed regularly for mycoplasma with the aid of an EZ-
PCR Mycoplasma Test kit (Geneflow, K1-0210, UK), 
following the manufacturer’s instruction. 

Chemicals
Nω-Nitro-L-arginine methyl ester hydrochloride 

(L-NAME) (Abcam, ab120136) and 1400W (Tocris 
Bioscience, 1415) were used to inhibit all NOS iso-
forms and iNOS, respectively. PAPA/NO; NOC-15; 
1-(3-aminopropyl)-2-hydroxy-3-oxo-1-propyltri-
azan (PAPA NONOate) (Santa Cruz, 146672-58-4) 
was used as the NO donor. L-NAME (5 mM), 1400W 
(2 mM) and PAPA NONOate (50 µM) were diluted in 
phosphate buffered saline (PBS). Amilorid (50 µM), 
Pitstop 2 (25 µM) and Dynasore (20 µM) were dilut-
ed in dimethyl sulphoxide (DMSO). The vehicle used 
in control conditions was either PBS or DMSO (0.5%).  

Cell treatment with NOS inhibitors and PAPA 
NONOate

MDA-MB-231 breast-cancer cells (1 x 105 cells/
ml) were seeded on a 6-well-plate and were left to 
incubate overnight under culture conditions men-
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tioned above. These cells were subsequently treat-
ed for 24 hours with PBS (vehicle), NO synthase in-
hibitors such as L-NAME or 1400W or a nitric oxide 
donor (PAPA NONOate). Live imaging was used to 
monitor cell migration; an image was taken every 
15 minutes for a period of 24 hours. The speed of 
migration was calculated as a total traveling dis-
tance divided by 24 hours. 

Cell tracking assay
MDA-MB-231 breast-cancer cells (1 x 105 cells/

ml) were seeded on a 6-well-plate and were left 
to incubate overnight under the culture condition 
mentioned above. These cells were subsequently 
treated for 24 hours with the vehicle, L-NAME (5 
mM), 1400W (2 mM) and PAPA NONOate (50 µM). 
Live-cell imaging was performed to monitor cell mi-
gration with a time-lapse microscope (Nikon Eclipse 
TiE); an image was taken (at 10x magnification) 
every 15 minutes over a period of 24 hours using 
the Nikon Eclipse TE200 running NIS elements soft-
ware and a Nikon DXM1200 camera. The MtrackJ 
tool of the ImageJ software was used to determine 
the total distance covered by individual cells. The 
speed of migration (expressed in µm/hour) was 
calculated as a total distance covered by individual 
cells divided by 24 hours. 

Wound healing assay
MDA-MB-231 breast-cancer cells (1 x 105 cells/

ml) were plated onto a 6-well-plate and were grown 
to 90% confluence. The medium was removed, a 200 
µl pipette tip was used to introduce several wound 
lines by scratching the cell monolayer. Thereaf-
ter, cells were washed three times and incubated 
in DMEM containing either the vehicle, L-NAME, 
1400W or PAPA NONOate. The width of the wound 
was determined immediately after the addition of 
the DMEM (t = 0 hour) and 24 hours later, using the 
Nikon Eclipse TiE microscope. Images of the wound 
lines were taken at 10x magnification. The percent-
age of covered area of the wound after 24 hours was 
calculated as (Average initial area, t = 0 hour) – (Av-
erage final area, t = 24 hours) x 100.

FA turnover assay 
24-hours prior to transfection, MDA-MB-231 

cells were seeded (1 x 104 cells/mm2) onto 35 mm 
ibidi culture dishes treated with 2 mg/ml collagen 
(BD Bioscience, 354236). The cells were left to in-
cubate overnight in order to allow their attachment 
onto the bottom of the plate. These cells were sub-
sequently transfected with 3 µg plasmid DNA con-
sisting of zyxin-mCherry and with the aid of the 
TurboFect™ transfection reagent (Thermo Scientif-
ic, R0532) at a ratio of 1:1 (w/v, DNA: TurboFect). 
Approximately 16 hours after transfection, the cells 
were treated with L-NAME, 1400W or the vehicle 

for 10 minutes. A live-cell imaging was performed 
at 100x magnification using confocal microscopy 
(Nikon A1R). Cells were imaged at the low power 
excitation laser beam at a wavelength of 488 nm 
and 568 nm. Images were taken every 5 seconds 
for 10 minutes to monitor the full lifetime of zyxin 
assembly and disassembly. The average life-time of 
zyxin was determined with ImageJ.

Transferrin and dextran uptake assays
To differentiate the endocytotic pathways, it is 

important to perform the transferring and dextran 
uptake assay. Cells (1 x 105 cells/ml) were seeded 
in 6 well plates upon which glass coverslips were 
placed. After an overnight culture, the cell reached 
approximately 70% confluence, the medium sup-
plemented with foetal bovine serum was replaced 
with serum free DMEM. These cells were incubated 
for 3 hours at 37°C in a humidified atmosphere con-
taining 95% air and 5% CO2 and were subsequently 
treated with the vehicle (PBS or DMSO), L-NAME 
(5 mM), 1400W (2 mM), PAPA NONOate (50 µM), 
Amilorid (50 µM), Pitstop 2 (25 µM) and Dynaso-
re (20 µM) for 48 hours. Thereafter, the medium 
of the cells was replaced with serum free DEMEM 
containing either transferrin conjugated to Alex 
Fluor 546 (Thermo Fisher, T13342) (25 µg/ml) or 
dextran conjugated to fluorescein (Thermo Fisher, 
D1820) (500 µg/ml) and was left to incubate for 30 
minutes. The cells were washed twice with ice-cold 
PBS then fixed with 4% paraformaldehyde (Sigma 
Aldrich) diluted in PBS (4°C). The cells were washed 
3 times with ice-cold PBS and were subsequently 
treated with an acidic buffer (1M Glycine, 150 mM 
NaCl, pH 3). The acidic washing step was performed 
to strip away transferrin/dextran that are bound to 
the cell surface, since endocytosis blocked at an in-
termediate stage will cause transferrin/dextran ac-
cumulation on the plasma membrane which in turn 
will affect the total fluorescence measured in the 
cell. The cells were permeabilised for 10 minutes 
with PBS containing 0.5% Triton X-100 and were 
washed 3 times with ice-cold PBS. Confocal images 
were taken at different layers of the cell (z-stacks) 
with a resolution of 1024×1024 pixels in order to 
capture transferring or dextran uptake. The bright-
ness & contrast were then adjusted using ImageJ, 
then the fluorescence intensity of transferrin and 
dextran was measured. Alexa Fluor 546 channels 
and laser power were adjusted as the following val-
ues: HV: 64, Offset: 0 and Alexa Fluor 546 nm: 6.35 
for all the experiments. Using ImageJ, the region of 
interest was selected around the cell and the rela-
tive intensity of transferrin or dextran was quanti-
fied and subtracted from the average background 
fluorescence in order to determine the number 
and the size of endosomes containing dextran or 
transferrin.
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Immunocytochemistry
The cellular localisation of iNOS, eNOS and early 

endosome markers were investigated by immunos-
taning. Cells were incubated (at 37°C) overnight in 
6-well plates containing glass coverslips. There-
after, the growth medium was discarded and re-
placed with media containing the inhibitors or the 
NO donor depending on the experiments. After 24 
hours, the cells were washed in PBS and fixed for 
15 minutes in 4% paraformaldehyde (PFA) in PBS 
at room temperature. To permeabilised these fixed 
cells, the excess PFA was washed away with PBS 
and the cells were incubated at room temperature 
for 10 minutes in PBS containing 0.5% Triton X-100. 
These cells were subsequently treated with PBS 
containing 10% goat serum for 30 minutes at room 
temperature. Antibodies raised against EEA1 (Cell 
Signalling, #2411S), eNOS (Cell Signalling, #9572S) 
or iNOS (Abcam, ab3523) diluted to 1:100 in PBS 
containing 2% goat serum were added to the cells 
and incubated for 60 minutes at room temperature. 
Unbound antibodies in excess were washed away 
with PBS and the cells were transferred into a box 
where they were protected from light. Secondary 
antibodies conjugated with Alexa Fluor 546 or 488 
(Cell signalling, #44125, #4408S) diluted to 1:200 
in PBS containing 2% goat serum were added to 
the cells and incubated for 30–60 minutes at room 
temperature. These cells were washed with PBS and 
were visualised using confocal microscopy.

FA and endosomes analysis
The number and the size of FAs and endosomes 

were analysed on fixed cells. All images were ac-
quired with a confocal microscopy (Nikon Eclipse 
Ti Laser-scanner), at 100x magnification and a 
resolution of 1024 × 1024 pixels using the Nikon 
confocal system software. Images taken at depths 
where both endosomes and FA were both present. 
The acquired images were processed by subtract-
ing the background; the average number and size 
of both FA and endosomes were determined with 
ImageJ. To investigated whether the localisations of 
FA and endosomes were correlated, the Spearman’s 
rank correlation coefficient was determined within 
a selected region of interest using ImageJ.                  

Biotin switch assay and western blotting
The potential link between early endosomes and 

NO were investigated using two methods; Biotin 
switch assay and western blotting to detect wheth-
er early endosomes proteins were S-nitrosylated. 
S-nitrosylated cysteine residues were detected with 
the S-nitrosylated Protein Detection kit from (Cay-
man Chemical, 75816-684), following the manufac-
turer’s instruction. After cells were washed twice 
with 5 ml ice-cold PBS, they were removed from the 
flask then centrifuged at 500g for 5 minutes at 4°C. 
Cell pellets were resuspended with 0.5 ml buffer A, 
containing a blocking reagent, and were incubated 

for 30 minutes at 4°C under mild agitation. 2 ml of 
ice-cold 70% acetone (diluted in deionised distilled 
H2O) was added to the resuspended cells and were 
left to incubate at -20°C for 1 hour. The samples were 
subjected to centrifugation at 3000g for 10 minutes 
(4°C) and the pellets were resuspended and incu-
bated for 1 hour at room temperature in buffer B, 
containing reducing and labelling reagents. 2 ml of 
ice-cold 70% acetone (diluted in deionised distilled 
H2O) was added to the samples and incubated at 
-20°C for 1 hour. The pellets were retained follow-
ing a centrifugation at 3,000g for 10 minutes (4°C). 
After the resuspension of the pellet in ice-cold PBS 
(100 µl), the cells were lysed overnight at 4°C with 
100 µl of RIPA buffer, containing streptavidin-aga-
rose bead (20 µl). The samples were subsequently 
centrifuged at 14,000g for 30 seconds (at 4°C) and 
the pellets were washed three times with 300 µl 
with RIPA buffer. Following the streptavidin pull-
down, the samples were denatured at 95°C (5 min-
utes) in reduced laemmli buffer containing 2.5% 
β-mercaptoethanol. Samples treated with 100 µM 
mercury chloride (HgCl2) to cleave S-NO bonds in 
proteins prior to the assay to serve as negative con-
trol for the assay. Proteins in the samples were sep-
arated by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE), then transferred 
onto a polyvinylidenedifluoride (PVDF) membrane. 
The PVDF membrane was incubated for 1 hour at 
room temperature in a blocking solution made up 
of 5% dry milk solubilised in Tris-Buffered Saline 
Tween (TBST). The membranes were subsequently 
washed three times in TBST (10 minutes each time) 
and were incubated overnight at 4°C under mild ag-
itation with primary antibodies such as anti-Rab5 
(Cell Siganlling, #3547), anti-EEA1 (Cell Signalling, 
#3288), anti-APPL1 (Cell signalling, #3858), an-
ti-H2B (Abcam, ab52484) and anti-GAPDH (Sigma, 
G8795) diluted in either 5% dry milk or 5% BSA 
solubilised in TBST (1:1000). The membranes were 
washed three times in TBST (10 minutes each time) 
and incubated for 1 hour at room temperature un-
der agitation with horseradish peroxidase-conju-
gated antibodies raised against mouse (1:2500, in 
5% of dry milk) and rabbit (1:2500, in 5% of dry 
milk) IgGs (Sigma-Aldrich, AP306P, AP307P). The 
membranes were subsequently washed three times 
with TBST (10 minutes each time) and an enhanced 
chemiluminescence solution was added to the 
membrane. Images of the immunoreaction were 
acquired using the ImageQuant LAS 4000 imager 
(GE Healthcare Life Sciences) and Image Quant TL 
software.                                               

Bioinformatic analysis
GPS-SNO and IntFOLD tools were used to identi-

fy buried and exposed cysteines residue in proteins 
in order to determine what residue which is most 
likely to be S-nitrosylated. Three dimensional struc-
tural models of human early endosomal proteins 
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such as EEA1, APPL1 and Rab5 were generated with 
the IntFOLD server [23,24]. GPS-SNO analysis was 
used identify cysteines residues in each protein. Ac-
cessibility of cysteine residues within the protein 
three-dimensional structure was assumed to deter-
mine a potential to be S-nitrosylated. The GPS-SNO 
S-nitrosylation site prediction algorithm was used 
to predict the specific cysteine residue that is likely 
to be S-nitrosylated [25]. The prediction algorithm 
was applied to APPL1, EEA1, Rab5 and other pro-
teins including H2B and ubiquitin.

Statistical analysis
The data obtained by the imaging software were 

statistically analysed with GraphPad prism 5 soft-
ware (GraphPad software, San Diego, CA). One-way 
analysis of variance (ANOVA) was performed on data 
resulting from experiment comprising three or more 
experimental groups. Following a significant differ-
ence identified via ANOVA, a Dunnett’s post-hoc test 
was used for pairwise comparisons in order to com-
pare each treatment to a single control (vehicle). All 
results were obtained from at least three independ-
ent experiments in triplicate (n=3). A value of p-val-
ue ≤ 0.05 was considered statistically significant.

Results
Effect of NOS inhibitors and a NO donor on cell 
migration and FA turnover 

To evaluate the effect of NO on cell migration, a 
wound healing assay and a cell tracking assay was 
employed on MDA-MB-231 cells treated with the 
iNOS inhibitor 1400W or the whole NOS inhibi-
tor L-NAME or the NO donor PAPA NONOate. Our 
results showed that cells treated with L-NAME or 
1400W displayed a reduced covering area 24 hours 
after scratching (Fig. 1A and 1B). PAPA NONOate 
showed no effect on wound-healing (Fig. 1A and 
1B). As shown in figure 1C, the speed of cell migra-
tion was reduced in cells treated with L-NAME (17.1 
± 0.7 µm/hour, p<0.01) and 1400W (19.0 ± 1.3 µm/
hour, p<0.05) compared to that of vehicle-treated 
cells (23.5 ± 0.8 µm/hour). However, PAPA NONOate 
exhibited no effect on the speed of cell migration 
(23.4 ± 0.3 µm/hour, p>0.05). Next, we investigated 
whether the inhibition of NOS or iNOS, as well as the 
addition of NO, can affect FA turnover. Cells trans-
fected with zyxin-mCherry displayed a prolonged 
duration of FA turnover when treated with L-NAME 
(51.2 ± 2.0 seconds, p<0.05) or 1400W (48.8 ± 2.3 
seconds, p<0.05) compared to vehicle-treated cells 

FIGURE 1 Effect of NO inhibitors or NO donors on cell migration. cells were treated with the vehicle, for 24 hours. (A) 
Representative wound-healing assay images for MDA-MB-231 cells treated with the vehicle (0.5% PBS), L-NAME (5 mM), 
1400W (2 mM) or PAPA NONOate (50 µM). Images were taken at 0 and 24 hours to wound closure (the lines show wound 
edges). (B) Bar plot representing quantitative analyses of total covered area at 24 hours after scratching. (C) Represen-
tative images of migration assay showing cell tracking after a 24-hour period using a time-lapse microscope. (D) Bar plot 
representing quantitative analyses of migration speed. The data shown here are representative of three independent expe-
riments; 40 cells were analysed in each experiment. Dunnett’s test comparison test was performed following a confirmed 
statistical difference using one-way ANOVA. *p<0.05, **p<0.01 and ***p<0.01. Results are presented as mean ± SEM
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(36.0 ± 3.8 seconds), while PAPA NONOate had no 
effect on the FA turnover (38.3 ± 1.7, p>0.05) (Fig. 
2A and 2B).

Effect of NOS inhibitors on transferrin and 
dextran internalisation

To examine the effect of NOS inhibitors on two en-
docytotic pathways, namely endocytosis or micropi-
nocytosis, we measured the uptake of transferrin and 
dextran in MDA-MB-231 cells treated with L-NAME 
and 1400W. As shown in figure 3A and 3B, the in-
hibition of micropinocytosis with Amiloride as well 
as the inhibition of dynamin (Dynasore) and clath-
ryn-dependent endocytosis (Pitstop 2) reduced the 
uptake of transferrin and dextran. The number of ves-
icles containing transferrin decreased with Amiloride, 
Dynasore and Pitstop 2 treatment. Cells that were 
treated with Amiloride and Pitstop 2 exhibited a de-
creased number of vesicles containing dextran, while 
those treated with Dynasore showed an increased 
number of vesicles containing dextran. Regarding 
the size of vesicles containing transferrin or dextran, 
neither Amiloride nor Dynasore nor Pitstop 2 had an 
effect. Both L-NAME and 1400W did not affect trans-
ferrin and dextran uptake, since the intensity of flu-
orescence of transferrin and dextran did not change 
in L-NAME (433.0 ± 37.8 arbitrary unit) and 1400W 
(447.3 ± 3.8 arbitrary unit) treated cells compared 
to vehicle-treated cells (421.3± 55.2 arbitrary unit) 

(Fig. 3C and 3D). Similarly, these NOS inhibitors did 
not change the number of vesicles containing dextran 
and transferrin as the number of vesicles containing 
transferrin and dextran in cells treated with L-NAME 
(22 ± 1) and 1400W (19 ± 2) did not differ from that 
of vehicle-treated cells (23 ± 2) (Fig. 3C and 3D). The 
size of vesicles containing transferrin and dextran 
were found to be comparable across cells treated with 
L-NAME (1.5 ± 0.1 µm2), 1400W (1.7 ± 0.2 µm2) or the 
vehicle (1.7 ± 0.1 µm2) (Fig. 3C and 3D).

Effect of NOS inhibitors and a NO donor on early 
endosomes and Rab5-positive vesicles

To examine whether NO is involved in endocytosis 
regulation through early endosomal compartments, 
the impact of NOS inhibition and exogenous NO on 
the number and size of EEA1-positive endosomes 
and Rab5-positive vesicles were assessed in MDA-
MB-231 cells. As shown in figure 4A, the number 
of EEA1-positive endosomes was found to be lower 
in cells treated with L-NAME (24 ± 2, p<0.05) and 
1400W (20 ± 7, p<0.05) compared to that vehi-
cle-treated cells (44 ± 3). However, PAPA NONOate 
did not affect the number of EEA1-positive endo-
somes (41 ± 1, p>0.05). The analysis of the size of 
EEA1-positive endosomes showed that cells treat-
ed with L-NAME (1.0 ± 0.1 µm2, p<0.01) or 1400W 
(1.1 ± 0.1 µm2, p<0.01) exhibited an increased size of 
these endosomes compared to vehicle-treated cells 

FIGURE 2 Effect of NO inhibitors or NO donors on FA turnover duration. MDA-MB-231 cells transfected with zyxin-
-mCherry were treated with the vehicle (0.5% PBS), L-NAME (5 mM), 1400W (2 mM) or PAPA NONOate (50 µM) for 10 
minutes and were subsequently imaged using live-cell imaging. (A) Representative images showing FA assembly and 
disassembly. (B) Bar plot showing quantitative analyses of FA turnover duration. White arrows indicate FA. The data inc-
lude three biological independent experiments; 100 zyxin-containing FA were used to assess the duration of FA turnover 
across 24 cells (per experiment). Dunnett’s test comparison test was performed following a confirmed statistical differen-
ce using one-way ANOVA. *p<0.05 and **p<0.01. Results are presented as mean ± SEM. The scale bar represents 10 µm
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(0.5 ± 0.1 µm2). The size of EEA1-positive endosomes 
did not differ between cells treated with PAPA NON-
Oate (0.8 ± 0.1 µm2, p>0.05) and that of vehicle-treat-
ed cells (Fig. 4A). Next, investigate the effect of NOS 
inhibition on the number and size of Rab5-positive 
vesicles. Our results in figure 4B showed that both 
L-NAME and 1400W inhibitors exerted no effect on 
the number of Rab5-positive vesicles since the num-
ber of Rab5-positive vesicles was not affected in cells 
treated with L-NAME (35 ± 1) or 1400W (36 ± 1) 
compared to vehicle-treated cells (33 ± 1). The size 
of Rab5-positive vesicles was not affected as a result 
of L-NAME (1.2 ± 0.1 µm2) or 1400W (1.5 ± 0.2 µm2) 
treatment, since the size of Rab5-positive vesicles in 
vehicle-treated cells was found to be 1.4 ± 0.2 µm2.

Localisation of eNOS, iNOS and EEA1-positive 
endosomes

Given that in our previous results, we demonstrat-
ed that the inhibition of NOS regulates the number 
and the size of EEA1-positive endosomes, we sub-

sequently investigated whether the localisation of 
EEA1-positive endosomes and that of eNOS or iNOS 
correlates using immunocytochemistry on fixed 
MDA-MB-231 cells. As shown in figure 5A, the locali-
sations of EEA1 and eNOS were found to be correlat-
ed, as the correlation coefficient was found to be 0.64 
± 0.17. Similarly, the correlation coefficient between 
the localisations of EEA1 and iNOS was 0.63 ± 0.11.

S-nitrosylation of proteins in early endosomes
Following the investigation of the localisation of 

eNOS and iNOS in relations to EEA1, we assessed 
the S-nitrosylation of proteins implicated in the for-
mation of early endosomes using the biotin switch 
assay. The Analyses by western blot revealed that 
non-S-nitrosylation proteins such as H2B or ubiq-
uitin were not detected by the assay (Fig. 5B). 
Our data showed the early endosomal proteins 
such as APPL1, EEA1 and Rab5 were found to be 
S-nitrosylated. To ensure that the S-nitrosothiols 
group on these proteins were accurately detected, 

FIGURE 3 Effect of NO inhibitors on transferrin and dextran uptake. (A) Representative images of MDA-MB-231 
cells treated with the vehicle (0.5% DMSO), the micropinocytosis inhibitor Amilorid (50 µM) or with endocytotic inhibi-
tors Pitstop 2 (25 µM) and Dynasore (20 µM). After 48 hours, a transferrin/dextran uptake assay was performed using 
Alexa-Fluor-546-conjugated transferrin and fluorescein-conjugated dextran for 30 minutes. The scale bar represents 20 
µm. Red arrows indicate nuclei. Yellow arrows indicate vesicles (B) Graphs representing quantitative analysis of fluore-
scent intensity, number of vesicles and vesicle size containing transferrin and dextran. (C) Representative images sho-
wing a transferrin and dextran uptake assay on MDA-MB-231 cells treated with the vehicle (0.5% PBS), L-NAME (5 mM) 
or 1400W (2 mM) for 48 hours. All conditions were performed as mentioned above using Alexa-Fluor-546-conjugated 
transferrin and fluorescein-conjugated dextran for 30 minutes. The scale bar represents 50 µm. (D) Bar plots represen-
ting quantitative analysis of intracellular fluorescent intensity, the number and the size of dextran/transferrin-containing 
vesicles following L-NAME and 1400W treatment. Results are presented as mean ± SEM. Dunnett’s test comparison test 
was performed following a confirmed statistical difference using one-way ANOVA. *p<0.05, **p<0.01 and ***p<0.01
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the lysates were treated with HgCl2 to cleave S-NO 
bonds prior the biotin switch assay. As a result, 
HgCl2 treated lysates showed no immunoreaction in 
all evaluated proteins (Fig. 5B). 

Bioinformatic analysis of S-nitrosylation in 
endosomal proteins 

Once it was ascertained that early endosome 
markers were S-nitrosylated, a bioinformatic analy-
sis that uses the GPS-SNO algorithm was performed 
on APPL1, EEA1, Rab5 and other proteins including 
H2B and ubiquitin in order to predict cysteine resi-
dues with the potential to be subjected to S-nitrosyl-
ation. The results showed that APPL1 presented 
two potential cysteine sites at position 99 and 603 
that could be S-nitrosylation; four cysteine sites at 
position 46, 255, 894 and 1102 were identified in 
EEA1; a single cysteine site for potential S-nitrosyl-
ation was found in Rab5, at position 212. However, 
both H2B and ubiquitin expectedly showed no po-
tential sites for S-nitrosylation (Fig. 5B). Next, we 
used the IntFOLD software to generate three-di-
mensional models of early endosome proteins. The 
tool was subsequently used to identify cysteine 

residues that are easily accessible, therefore most 
likely to be S-nitrosylated. As shown in figure 6, the 
three-dimensional structure of EEA1 showed that 
two cysteine residues, at position 255 and 1102, 
are hidden within the structure of the protein, thus 
suggesting that these sites are not likely to be sub-
jected to S-nitrosylation. Concerning the other two 
cysteine residues, at position 46 and 894, they ap-
pear to be exposed, suggesting that these cysteine 
sites could be S-nitrosylation. The three-dimension-
al model of Rab5 showed that the cysteine residue, 
at position 212 was located in an accessible area of 
the protein, therefore would be likely S-nitrosylat-
ed (Fig. 7). However, a three-dimensional model for 
APPL1 indicated that the location of both cysteine 
residues was hidden and thus would be unlikely to 
be S-nitrosylated (Fig. 8).

Discussion
Given that NO contributes to cell migration in 

invasive tumours [1], here we investigated the po-
tential role of NO and protein S-nitrosylation on cell 
migration and FA turnover, using a pharmacologi-
cal approach. NOS inhibitors L-NAME and 1400W 

FIGURE 4 The effect of NOS inhibitors on EEA1-containing endosomes and Rab5-containing vesicles in MDA-MB-231 
cells. Cells were treated with vehicle or different nitric oxide inhibitors (L-NAME, 1400W) and PAPA NONOate for 48 hours, 
fixed and were stained with anti-Rab5 and anti-EEA1 antibodies. (A) Effect of L-NAME, 1400W and PAPA NONOate on the 
number and size of EEA1-positive endosomes. (B) Effect of L-NAME, 1400W and PAPA NONOate on the number and size of 
Rab5-positive vesicles. Yellow arrows indicate EEA1-positive endosomes and Rab5-positive vesicles. The scale bar repre-
sents 50 µm. One-way ANOVA with Dunnett’s multiple comparison test were used to compare each treatment with the con-
trol. Results are presented as mean ± SEM. The data include three independent experiments, in each experiment consisted 
of at least 80 cells that were analysed. Statistical significance differences were accepted at *p<0.05 and **p<0.01
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have been shown to inhibit protein S-nitrosylation 
[26,27]. Our result showed that the speed of cell 
migration and the duration of FA turnover were 
slowed down and reduced, respectively in cells 
treated with L-NAME or 1400W (Fig. 1). Unexpect-
edly, PAPA NONOate, a NO donor found to induce 
protein S-nitrosylation [28,29], was shown to ex-
ert no effect on cell migration and FA turnover, at 
the concentration used in this study (Fig. 1 and 2). 
There are two scenarios that could explain this lack 
of effect. (1) All proteins that could be subjected to 
S-nitrosylation and are implicated in the regulation 
of cell migration and FA turnover, may already be 
S-nitrosylated under our experimental condition. 
As a result, an exogenous supply of NO cannot fur-
ther increase the proportion of s-nitrosylated pro-
teins. (2) The concentration of PAPA NONOate may 
be too low for these cells to induce protein S-ni-
trosylation. In order to unambiguously determine 

the impact of exogenous NO on cell migration and 
FA turnover duration, it will be necessary to use 
either higher concentrations of PAPA NONOate or 
other NO donors with longer half-life (e.g. SNAP and 
DETA-NONOate), while comparing NO levels and 
protein S-nitrosylation to non-treated cells [30]. 

Endocytic processes have been shown to regulate 
FA turnover [31]. In this study, we investigated the 
effect of L-NAME and 1400W on transferrin and dex-
tran uptake. NO has been reported to S-nitrosylate 
dynamin and this in turn promotes cell survival and 
endocytosis [32]. Furthermore, it has been shown 
that NO nitrosylates dynamin within its pleckstrin 
homology (PH) domain on a cystein residue located 
at position 607 (Cys-607) [12]. The S-nitrosylation 
of dynamin at Cys-607 induces dynamin oligomeri-
sation and its associated GTPase activity, which in 
turn leads to increased receptor mediated endo-
cytosis [12,32]. For example, HEK293 cells overex-

FIGURE 5 Cellular localisation of eNOS and iNOS with EEA1. (A) Confocal images of the localisation between eNOS and 
EEA1 and between iNOS and EEA1. Immunocytochemistry was performed on fixed cells. The correlation between the loca-
lisation of eNOS (green) and EEA1 (red) and between the localisation of iNOS (green) and EEA1 (red) was determined with 
the Spearman’s (rho) correlation coefficient. Yellow arrows indicate regions of co-localisation. Three independent experi-
ments were performed. (B) S-nitrosylation of early endosomal proteins. Representative immoblotting images showing S-ni-
trosylation in early endosomal proteins (EEA1, Rab5A and APPL1). No S-nitrosylation was found in nuclear proteins (H2B) 
and ubiquitin. MDA-MB-231 cell lysate treated with 100 µM HgCl2 displayed no S-nitrosylated proteins. Three independent 
experiments were performed. List of proteins with cysteine residues (highlighted in red) with predicted S-nitrosylation



Al-Fahad et al. Medical Journal of Cell Biology (2021)
69

FIGURE 6 A three-dimensional model of the human EEA1 structure. (A) depicts the location of all cysteine residues 
(highlighted in red) in EEA1. (B) shows the location of Cys-1102 (highlighted in red). (C) shows the locations of Cys-894 
and Cys-46, both highlighted in red (D) shows the location of Cys-255 (highlighted in red) 

FIGURE 7 A three-dimensional model of the human Rab5. (A) depicts the location of all cysteine residues (highlighted 
in red) in human Rab5. (B) shows the location of Cys-212 (highlighted in red)
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pressing eNOS, increases β2-adrenergic receptor 
internalisation [33]. Whilst transferrin and dextran 
are internalised through micropinocytosis and en-
docytosis (Fig. 3A and 3B), our data showed that 
L-NAME and 1400W exhibited no effect on trans-
ferrin and dextran uptake in MDA-MB-231 cells 
(Fig. 3C and 3D), suggesting that iNOS or NOS as a 
whole, is not involved in the regulation of endocyto-
cis or micropinocytosis in MDA-MB-231 cells.

A study that examined the role of NO in the regu-
lation membrane fusion by acting through a SNARE 
complex, demonstrated that NO induced the exocy-
tosis of Weibel-Palade Bodies [34]. These findings 
suggest that NO regulates vesicle trafficking. As we 
investigated whether NO might disrupt the traffick-
ing of endosomes, we found that the treatment of 
MDA-MB-231 cells with L-NAME or 1400W caused a 
reduction in the number EEA1-positive endosomes 
while their size was found to increase (Fig. 4A). How-
ever, cells treated with PAPA NONOate exhibited no 
change in both the number and the size of EEA1-pos-
itive cells. This result is consistent with the absence 
of effect of PAPA NONOate on cell migration and FA 
turnover, which is most likely due to the same poten-
tial causes that have been previously mentioned. 

In addition, we showed that the localisation of 
EEA1 correlates moderately with that of eNOS and 
iNOS (Fig. 5A). Together, this suggests that NO may 
regulate that the function of EEA1. We subsequently 
investigated whether EEA1 was targeted by S-ni-
trosylation using the biotin switch assay followed 
by western blot. Our data revealed that EEA1 was 
indeed S-nitrosylated (Fig. 5B). Based on the se-
quence analysis performed with GPS-SNO algorithm 
and a three-dimensional reconstruction of EEA1, it 
is plausible that the S-nitrosylation may occurred 

FIGURE 8 A three-dimensional model of the human APPL1. (A) depicts the position of all cysteine residues (highli-
ghted in red) in human APPL1. (B) shows the locations of Cys-99 and Cys-603, both highlighted in red

on Cys-46 and Cys-894 rather than Cys-255 and 
Cys-1102, since the latter two were found to be hid-
den and hardly accessible within the protein (Fig. 
5B and 6). Cys-46 is located within the N-terminal 
C2H2 zinc finger (ZF), and Cys-894 is found in the 
coiled coil domain of EEA1 [35]. It has been shown 
that the ZF domain binds to Rab5 switch I and II re-
gions, influencing the active switch conformation of 
the latter protein [35]. Cysteine residues can form 
disulphide bonds that play structural function in 
protein folding [36]. Therefore, S-nitrosylation of 
Cys-894 in EEA1 may affect its dimerisation, a con-
figuration that is thought to carry a tethering func-
tion [37]. It may be possible that this S-nitrosylation 
leads to the dimerisation of EEA1, which in turn re-
cruits multiple Rab5 effectors (e.g. Rab5a, Rabex-5 
and Rabaptin) and other endosomal proteins such 
as Syntaxin-13 and SNARE that regulates endosome 
fusion and trafficking [38]. Since EEA1 was found 
to be S-nitrosylated, we investigated whether oth-
er early endosome proteins are S-nitrosylated. The 
data showed that Rab5 was found to be S-nitrosylat-
ed (Fig. 5B). This S-nitrosylation might have oc-
curred on Cys-212 (Fig. 7), a cysteine residue that 
can also be S-geranylgeranylated [39]. This may sug-
gest that NOS might regulate the anchoring of Rab5 
onto membranes. In addition to Rab5, the APPL1 
adaptor protein, localised in some Rab5-positive en-
dosomes were investigated for S-nitrosylation [40]. 
Our results showed the detection of S-nitrosylated 
APPL1 (Fig. 5B). Two cysteine residues, Cys-99 
and Cys-603, were found to be putative targets for 
S-nitrosylation. Cys-66 is found in the Bin-Amphi-
physin-Rvs (BAR) domain, while Cys-603 is located 
in the phosphotyrosine binding (PTB) domain [40]. 
However, these residues were found to be hardly ac-
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cessible since they were hidden within the protein 
(Fig. 8), suggesting that another post-translation 
modification or interaction with another protein in 
the endosome may be implicated in the change of 
APPL1 conformation, where the latter become more 
accessible for S-nitrosylation. Since the BAR domain 
of APPL1, interacts with Rab5 and in its responsible 
for endocytic trafficking [40].

In this study, we identified for the first time that 
NOS may act as positive regulators of cell migration 
and FA turnover through a process that may rely on 
early endosomes trafficking in MDA-MB-231 breast 
cancer cells. Given the limitations of this study, we 
will need to further investigate the role of NO on 
early endosomes trafficking. It will be essential to 
investigate whether the acute effect of NOS inhibi-
tors affect the S-nitrosylation of EEA1 and APPL1. 
In addition, the effect of NO donors still needs to 
be established. It would be valuable to investigate 
whether NO donors reverse the effect of NOS in-
hibitors. Mutagenesis approaches which would in-
troduce mutations on the dimerisation sites/Rab5 
binding domain within EEA1, where the cysteine 
residues are located should enable prevent their 
S-nitrosylation in other to further clarify the role of 
NO in the regulation of endosome trafficking. Sim-
ilar approaches should be applied to other endo-
some proteins such as Rab5 and APPL1. The obser-
vations on cell migration and FA turnover need to 
be confirmed with protein knockdown using siRNA 
or shRNA.

Conclusions
Our work suggests that NO might be involved in 

the regulation of FA turnover, and this may rely on 
early endosomal trafficking. This study provides 
supporting evidence for the claim that NO plays a 
role in cell migration and FA dynamics, particular-
ly in MDA-MB-231 breast cancer cells – suggesting 
that these findings may present some therapeutic 
importance for cancer research.
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